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FOREWORD

The Energy Efficient Engine ComponentDevelopment and Integration Program is
being conductedunder parallelNationalAeronauticsand Space Administration
(NASA) contractsby Pratt & Whitney,EngineeringDivision,and the General
FlectrlcCompany. The overallprojectis under the directionof Mr. Carl C.
Clepluch. The Pratt & k_Itney effort is being conducted under Contract
NAS3-20646,and Mr. Frank Berkopecis the NASA ProjectEngineerresponsible
for the portionof the contractdescribedin this report. Mr. David E. Gray
is the Manager of the Energy EfficientEngine Project at Pratt & Whitney.
This reportwas preparedby Mr. John W. Blssetand Mr. David C. Howe.
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SECTION1.0
SUI_RY

c The NASA-sponsoredEnergyEfficientEngineprogramis being conductedby Pratt
_;Whitneyto developand demonstratean advancedtechnologybase for a new
generationof fuel-efflcientengines designedfor use in future commercial
transportalrcraft.

Thisreportdetailsresultsevolvingfrom the final analyslsand designof the
flightpropulsionsystem,as conductedunder Task 1 of the Energy Efficient
Engine program. This effort was undertakento evaluateand confirm flight

' propulsionsystemdesigncriteriaand defineperformancepotentialcomparedto
the fo!1owingNASA-establisheddesigngoals relativeto the JTgD-TAreference
engine.

o 12 percentminimumreductionin cruisethrustspecificfuel
consumption

o S percentminimumreductionin directoperatingcost
o BO percentless performancedeterioration
o meet FederalAviationRegulationPart3_ (1978)noise rulesand

EPA-proposed1981exhaustemissionsstandards

Successfulcompletionof this Task 1 effort Includeddetaileddesignanalyses
: (supportedby componenttechnologyprograms)cf test hardwarerequiredfor the

integratedcore/low spool, the test vehicle used to sl,,J1atethe aero-
thermal-mechanlcalcharacteristicsof the flight propulsionsystem. Results
from the completedevaluationindicatethat the flight propulsionsystem,as
designed,Is capable of meeting all design goals with one exception:the
EPA-proposed1981 emissionsstandardfor oxides of nitrogen. Cruise thrust ;
specificfuelconsumptionis estimatedto be 15 percentlower than that of the ,,
JTgD-7Areferenceengine,which surpassesthe NASA designgoal of 12 percent.
Economic analyses,which have been updated for fuel price and 1980 year-
d,)llars,showa currentdirectoperatingcost reductionof II.3 percent. This
far exceedsthe NASA designgoal of a 5 percentreduction. Programdetailed
designand test effortshave reinforcedan estimatedperformancedeterioration
rate one-half that of the JT9D-7A,which meets the NASA goal. An updated
noise calculationfor a fully treatednacelleindicatesthe potentialof sur-
passingthe 1978 noise rules in futuredomesticand internationalaircraft.
Reassessmentof exhaust emissionsindicatesEnvironmentalProtectionAgency
Parameterestimatesfall below proposed 1981 carbon monoxide and unburned
hydrocarbonlevel designgoals. However,programexperiencecontinuesto con-
firm estimatesthat nitrogenoxide emissionsw111 exceedthe 1981 regulations
by over 40 percent. The Societyof AutomotiveEngineerssmoke level estimate
of 4 surpassesthe designgoallevel of 20.

i
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This report also presentsinformationdetailingthe salientresults from a
study conductedu4derTask I of the Energy EfficientEngineprogramto define
a turbofanpropulsionsystem,known as the maximum efficiencyengine,which
incorporatesa reoptimizationof the fuel savingtechnologiesfor improvedfue_
economyand directoperatingcosts relativeto the flight propulsionsystem.
This enginewill be used as a basis for determiningthe full performancepo-
tentialof the EnergyEfficientEnginetechnology. With the dominantinfluence
of fuel costs affectingcurrentairlineoperatingeconomics,this enginewas
definedto providean estimatedimprovementof five percentin cruise thrust
specificfuel consumption(TSFC) compared to the flight propulsionsystem.
Performanceimprovementchangesfor the maximumefficiencyengine,as compared
to the flight propulsionsystem,includea three-inchlarger fan, two addi-
tionalturbinestages,a more tightlygapped compressorand a simpler,one-
stage comdustor. This propulsionsystemis aimed at providingexcellentfuel
efficiencyand operatingeconomicswhile meetingcurrentlyprojectedenviron-
mentalregulations.

i
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SECTION 2.0
INTRODUCTION

The National Aeronautics and Space Administration (NASA) has the objective of
improving the energy efficiency of future United States commercial aircraft so
that substantial savings in fuel can be realized. One of the elements of the
overall technology plan devised to attain this objective is the Energy
Efficient Engine. Through the evolutionary extension of the current technology
base, the Energy Efficient Engine program is designed to develop and demon-
strate the technology for achieving higher thermodynamic and propulsive effi-
ciencies in future environmentally acceptable turbofan engines. It is esti-
mated that these improvements in turbofan engines will initially result in a
ten to fifteen percent lower specific fuel consumption as compared to the cur-
rent JT9D-TA commercial engine.

The Energy Efficient Engine Component Development and Integration Program,
which is based on the results of the Energy Efficient Engine Preliminary Design
and Integration Studies (NASA contract NAS3-20628), will develop the component
technology to achieve the National Aeronautics and Space Administration goals
of at least a 12 percent reduction in cruise thrust specific fuel consumption,
a 5 percent reduction in direct operating cost and 50 percent less performance
deterioration. In addition, FAR Part 36 (1978) noise rules and EPA-proposed
1981 exhaust emissions standards must be met.

The Energy Efficient Engine program consists of the following two tasks de-
signed to meet these program objectives.

Task l - Flight Propulsion System Analysis, Design, and Integration
Task 2 - Component Analysis, Design, and Development

b

Under Task l, final design of the conceptual study engine, known as the flight
propulsion system, was defined based on results of the Energy Efficient Engine
Preliminary Design and Integration studies (NAS3-20628). Component analysis
and design work was conducted under Task 2.

The flight propulsion system reflects a dual spool, direct drive, mixed exhaust
configuration. A short, stiff high rotor and a single-stage high-pressure
turbine are among the major features in provlding both performance retention
and m_jor reductions in maintenance and direct operating costs. Improved
active clearance control in the high-pressure compressor and high-pressure
turbine along with incorporationof advanced single crystal turbine blades and
vanes are among the major features contributing to performance improvement.
In addition to design definition, an analytical evaluation was performed under
Task l, with assistance from airframe company subcontractors to provide flight
and economic performance characteristics of future commercial aircraft using

i Energy Efficient Engine propulsion systems.

3
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This report detailsresultsthat evolvedfrom the final analysisand design
update of the flight propulsionsystem, as conductedunder Task 1 of the
EnergyEfficientEngineprogram. The designeffortincludeda finaldefinition
of the engine,major components,internalsubsystems,and nacelle. Various
analyticalrepresentationsand resultsfrom componenttechnologyprogramswere
used to verifyaerodynamicand structuraldesignconceptsand to predictper-
formance. Also presentedin this report is informationdetailingsalientre-
sults from a separatestudy conductedunder Task l to define a turbofanpro-
pulsionsystemknown as the maximumefficiencyengine. The study intentwas
to optimize the fuel savings technologydevelopedin the Energy Efficient
Engine programfor improvedfuel economyand directoperatingcosts relative
to the flight propulsionsystem. Technologydevelopedunder both effortsis
projectedfor the 1988time period.

An overalldescriptionof the flight propulsionsystem along with a detailed
discussionconcerningfinal analysisand design of individualengine compo-
nents and subsystemsare providedin Sections3.0 and 4.0. Section4.0 also
presentsperformancedesigngoals and operatingeconomicdata based on instal-
lation of the updatedflight propulsionsystem into future commercialair-
craft. Section 5.0 provides a detailed discussionconcerning preliminary
analysisand designof individualcomponentsfor the maximumefficiencyengine
designedto representfull performancepotentialwith Energy EfficientEngine
technology.

4
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i SECTION 3.0

OVERVIEW OF DESIGN

Task l of the Energy Efficient Engine Component Development and IntegrationProgram was devoted to the preliminary design, evaluation and update of an

Energy Efficient Engine flight propulsion system. A flight engine preliminarydesign is necessary to I) identify the areas of new technology required to es-
tablish the technology base, 2) evaluate the configuration's operating econom-
ics, and 3) serve as a benchmark by which component and overall system per-
formance Jnaybe measured and tracked throughout the program.

As other tasks in the Energy Efficient Engine program progressed, overall
flight propulsion system performance was tracked under Task l to reflect
results from these completed program elements with periodic flight propulsion
system status updates. The final update detailed in this report incorporates
all of the program analytical and test results into an updated flight propul-
sion system design.

Performance and design of the flight propulsion system are consistent with
i standard commercial aircraft engine practice and with applicable Federal

Aviation Administratica and Environmental Protection Agency regulations.

There is no intention on the part of NASA to carry the flight propulsion system
preliminary design through into prototype, development, or production programs.
The intent of Task l was solely to provide a focus for the technology needed
by the engine manufacturer to initiate design and development of an energy
efficient commercial engine with only the usual and normal business risk.

The following presents a brief explanation of the flight propulsion system by
describing the systems's basic design features, overall cycle definition and
performance status relative to program goals.

3.1 Flight Propulsion System Description

The flight propulsion system, shown in Figure l, is configured for a balance
of fuel efficiency, lower operating economics and environmental acceptability
using advances in aerodynamics, materials/cooling techniques and structure-
mechanics. Inlet air is channeled to conventional solid, shrouded fan blades
by the inlet duct and spinner. Eighty-seven percent of the fan discharge air
is ducted around the outside of the close-coupled flow splitter. The remaining

air is further superchargedwhen it enters a four-stage low-pressure compressor
which forces the air inward within a curved flowpath. The smaller diameter,
lO-stage high-pressure compressor increases the pressure to provide a design
overall pressure ratio of 38.6:1. Compressor exit flow is turned radially out-
ward through the exit guide vanes and curved wall pre-diffuser to direct air
into the combustion zones. The outwardly canted combustor, which has two inde-
pendent fuel supply manifold systems and combustion zones for low emissions,
feeds hot gases directly into a one-stage, air-cooled high-pressure turbine
which drives the high-pressure compressor.

5
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The dischargegases are deceleratedand turned slightlyoutwardto be further
expandedthrougha four-_tagelow-pressureturbinewhich drives the fan and
low-pressurecompressor.The core exhaustand the fan duct air are mixed by
means of lobedchutespositionedarounda largediametercentraltailplug.

The nacellewas designedto share flight loads,serve as an aerodynamicshell
around the engine,provideaccess to the engine, absorb noise, and provide
thrustreverse.

A full authoritydigitalelectroniccontrolsystemis used to promoteefficient
engine operationand reduce the effectsof deterioration.The digitalsystem
was designedto managefuel for the flightpropulsionsystem'stwo-stagecom-
bustor and providecontrolof variablehigh-pressurecompressorvanes, start
bleeds,intercompressorsurgebleeds,and air valvesfor activeclearancecon-
trol. The control system regulateshydraulicpressurefor stator vanes and
bleed actuator_with minimumfuel temperaturerise and at minimumsystemcost
and weight.

i

Figure1 EnergyEfficientEngineFlightPropulsionSystem

OHIGtN;£L._:,:,t._,.
I, OF POOR QUALFi'V
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II

The flightpropulsionsystem is a five bear!ngdesignwith two main support
frames and two main bearingcompartments. The fan design featuresa single
aft-positionedshroud and tip trenches to provide efficiency improvement.
Controlledendwallloss and reducedairfoilless conceptsare utilizedto raise
efficiencylevels in tho lowand hlgh-pressurecompressors. In addition,the
high-pressurecompressor(1) operatesat higher rotor speeds relativeto the
JTgD-7Ahigh rotor for reducedweight and cost and (2) incorporatesan active
clearancecontrolsystem for improvedefficiency. A two-stagecombustoris
utilizedfor low emissions. The high-pressureturbinefeaturesa slnglestage
design to providea significantreductionin Initialcost and engine main-
tenancecost. Singlecrystala11oysare used in the turbineairfoilsto reduce
coolingairflowrequirements. In addition,the high-pressureturbineincorpo-
rates active clearance control to improve component efficlency. The
low-pressureturbine counterrotatesrelative to the high-pressureturbine.
This componentalso incorporatesactive clearancecontrol to increaseeffi-
ciency. The exhaustmixer is a scallopedeighteenlobe designwhich provides
for reduced pressure loss, increasedefficiency,and lighter weight. Key
nacellefeaturesinclude(1) an integratedengine-nacellestructurewhich im-

| proves engine perfomance retentionby reducingengine deflectionscaused by
thrustand cowl duct loadings,(2) compositeand honeycombmaterialsused in

nacelleconstructionto reduceweight, and (3) incorporationef internaland
" externalcontouringimprovementsand advancedsealingtechniquesfor reduced

losses.
f

_ Two major changesmade from the initialdesigndescribedin Ref. (I) were (I)

ii the incorporationof a shroudedblade in place of the shroudless,hollowblade
for the fan component,and (2) downsizingthe entire flightpropulsionsystem

approximatelytwelvepercentin order to obtain the maximumtechnologybenefit
" for the smallerthrust engines expected to be required in,the mid-to-late '

I 19BO's. A comparisonof the initialand currentflight propulsionsystem de- :9

signcrosssectionsis shown in Figure2. "_

3.2 0verallCycle
)

! The flightpropulsionsystems basic cycle has been maintainedthroughoutthe
design process. Aerodynamicdesign point cycle parameterskept constantare:
a 6.5 fan bypass r_tio, a 1.74 duct portion fan pressureratio, and a 38.6
overallpressureratio. Performanceupdatingwas accomplishedusing a 'rubber
engine'approachin which the turbineand exhaustnozzle control areas were
varied to hold the design cycle, fan total alrflow, and compressionsystem
operatinglines. Combustorexit temperaturewas adjustedto keep the pressure
ratio constantat the exhaustmixing plane resultingin a turbinerotor inlet
temperatureof 1223°C (2235°F). Resultingdifferencesbetween designparame-
ters affectinghardwaresize for the currentflight propulsionsystem and the
Initialdesignare summarizedin Table I. A comparisonof the principalcom-
ponentperformancelevelsat the aerodynamicdesignpoint is shown in Table 2.
Table 3 summarizescurrentperformanceparametersat the significantengine
operatingconditions.

l
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TABLE l

FLIGHT PROPULSION SYSTEM HARDWARE SIZING PARAMETER COMPARISON

(AerodynamicDesign Point: 10675 m (35,000 ft), 0.8 Mach Number, Standard Day)

Initial Design* Current Design

Fan Shroudless Shrouded

Low Pressure Compressor Base Base

High Pressure Compressor Base Base

High Pressure Turbine
% AInlet Flow Parameter (W,J-T/P) Base -0.7
% AInlet Speed Parameter (N2/J-T) Base -0.I

Low Pressure TJrbine
% AInlet Flow Parameter (W iT�P) Base -2.5
% A Inlet 3peed Parameter (NI/J-T) Base Base

Mixer k

% _ Core Area Base -0.3 I
% _ Duct Area Base -O.l

Exhaust
% _Mixed Area Base -O.l :

ThrusL size of initial eng'ne design was downsized 12 percent.

Differences between the initial and current design component performances are
small, except for (1) the fan efficiency (duct section) deficit associated
with the change to the shrouded fan, (2) the high-pressure turbine efficiency
improvement determined by subsequent testing, and (3) the lower turbine tran-
sition duct pressure loss, also determined by subsequent testing.

3.3 Thrust Size

Shortly after the initial design was completed, the flight propulsion system
was downsized 12 percent in airflow to obtain the maximum technology benefit I
for the smaller thrust engines expected to be required in the 133,446 to
222,410 N (30,000-50,000 Ib) thrust class in the 1980's. The fan was resized
from a corrected airflow of 707 to 622 kg/sec (1560 to 1373 lb/sec) at the
aerodynamic design point in the process.

i
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TABLE 2

COMPARISONOF FLIGHTPROPULSIONSYSTEMCOMPONENTPERFORMANCELEVELS

(AerodynamicDesignPoint:I0675m (35,000ft),0.8 Mach Number,StandardDay)

InitialDe:ign CurrentDesign

Fan 1.74
PressureRatio,Duct 1.74
PressureRatio,Core 1.56 1,56
Duct Efficiency(%) 87,3 86.5
Core Efficiency(%) 90.2 90.2

Low PressureCompressor
-- PressureRatio " 1.77 1.7789.9 90.0

Efficiency

High PressureCompressor
- PressureRatio -- 14,0 14,0

Efficiency(%) 88.2 B8,3

Copbustor
Efficiency(%) 99,95 99,95
PressureLoss (%) 5.5 5.5

HighPressureTurbine
PressureRat-i'o- 4.03 3.99
Efficiency(%) B8.2 Bg.l

Lo_ PressureTurbine
TransitiOnPrEssureLoss (%) 1.5 0.7
PressureRatio 5.60 5.72
Efficiency(%) 91.5 91.6
Exit Vane PressureLcss (%) 0.9 0,9

Fan Duct 0.6
Pr_essureLoss (%) 0.6

ExhaustMixer
_ncy (%) 85.0 85.0

DuctPressureLoss (%) 0.18 0.18
Core PressureLoss (%) 0.24 0,24

ExhaustNozzle
P_essur6Loss (%) 0.34 0,34
VelocityCoefficient(%) 99,6 99.6

- SecondarySystem
--- Cooling/LeakageAirflo_(%) 16.45 17.2

I

i985002839-024



?

!,

_ TABLE 3

-_ CURRENTFLIGHT PROPULSIONSYSTEMPERFORI_NCEPARAHETERS

, Englne Operatin9 Condition

) Aero. Des. Maximum Maximum
) Potnt Crutse CIt mb Takeoff
L

A1tt tude m (it) 10668 10668 10668 0
(35000) (35000) (35000)

Math Number 0.8 0.8 0.8 0
Ambient Temperature °C (°F) -54 -54 -44 28

(-66) (-66) (-48) (+84)
Net Thrust (Untnstalled) Kg (lb) 41612 39744 44304 164,694

(9355) (8935) (9960) (37025)
TSFC Kg/hr/Kg (lb/hr/lb)

(Untnstalled) 0.550 0.548 0.570 0.327
(Installed) 0.576 0.575 0.596 0.330

Overal 1 Pressure Ratt o 38.55 37.35 40.25 31.05
Bypass Ratto 6.51 6.60 6.39 6.83
Fan Pressure Eatto (Duct Section) 1.74 1.71 1.78 1.58
HPT Rotor Inlet Temperature "C 1223 1201 1321 1362

(°F) (2235) (2195) (2410) (2485)

An untnstalled sea level static takeoff thrust of 164,694 N (37,025 lb) is
predicted for the current flight propulsion system versus 160,935 N (36,180
lb) (downstzed) for the tnttial design. Base engine thrust flexibility tn the
class _s considered to be equivalent to the initial base size. Table 4
presents the overall installation dimensions for both the fntttal and current
fltght propulsion systems. Length increases have resulted from several
component flowpath revisions, with the high-pressure compressor being the
largest contributor along with exhaust mixer and tailplug changes.

3.4 Ratings

Ratings for the fltght propulsion system were initially established using
thrusT, ratios selected to improve maximumclimb and maximum cruise thrust rel-
attve to takeoff thrust as compared to the JTgD-7A reference engine (see
Reference 2). For subsequent status updates, the initial levels of rated com-
bustor exit temperatures were kept constant for the maximum cruise and takeoff
ratings. The maximum climb rating definition has continued to be based on a
maximum climb-to-maximum cruise thrust ratio of 1.115. As a result, status
rated thrusts have varied with updates in component performance. Table 5
presents a comparison of combustor exit temperatures and thrusts at various
ratings for both the initial and current flight propulsion systems. The only

i significant change is a 2.3 percent increase !n takeoff thrust relative to the

t Initial design. This increase in takeoff thrust is a resu, t of matching
changes associated primarily wtth map revisions made a,, part of the detailed
design of the fan for the integrated core/low spool.

11 _:..,_

1985002639-025



TABLE4

F,..u',"PROPULSIOHSYSTEM,._a,,ATT_,_nT_u,=Tn..:rnm.T_nuI_A_.)IIO _om_onlimirm &vii _rle,_em_velmv wvo*m w_o'_q*_vme

Intttal Destgn* Current Design

Nacelle MaxtmumDiameter - cm (in) 268.7 (105.8) 268.7 '105.8)

Fan Tip Diameter - cm (tn) 206.5 (81.3) 206.5 (81.3)

Exhaust Nozzle Diameter - cm (in) ;54.6 (60.9) 154.6 (60.9)

Overall Nacelle Length - cm (tn) 628.1 (247.3) 676.9 (26&.5)

Fan Leading Edge-to-Turbine Exit 302.2 (119.0) 32?.8 (127.1)
Flange Length - cm (tn)

* Values shownare after thrust size of tntttal engine ueslgn was downstzed12
percent.

TABLE5
l

FLIGHTPROPULSIONSYSTEMPERFORMANCEAT RATINGSCOMPARISON )

Ratings InitialDest_ CurrentDeslgn

Takeoff(0 ft, 0 Mn, Std + 13.9"C(25"r)Day)
CombustorExitTemperature- "C ('F) 1435 (2615) 1435 (2615)
Unln)talledThrust- N (Ib) !60935 (36180) 164694(37025)

MaximumClimb CI0675m (35,000ft),
o.8 Mn, Std.+ lO'C (I8"F)Day)

Comb-us-totExit Temperature-"C (*F) 1387 (2530) 1393 (2540)
UnlnstailedThrust- N (Ib) 44570 (I0020) 44304 (9960)

MaximumCruise(I0675m (35,000ft),
0.8 Mn, Std.Day)

Co#ustor Exit Temperature- "C ('F} 1268 (2315) 1268 (2315)
Untnstalled Thrust - N (lb) 39967 (8985) 39744 (P935)

* Valuesshownare afterthrustsizeof initialenginedesignwas downslzed12
percent.

i
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3.5 SystemPerformanceStatus Relative To Goals

The evolution of the t'ltght propulsion system design was based on meeting or '_
exceedlnq the program goa_s established by NASA. The degree to which this ts
achieved in the final destgn update ts shown in Table 6. Economicyears, fuel
prices and flight propulsion system sizes are indicated and represent the
basis for the parameter values shown. The comparison shows Ciat, with the ex-
ception of emissions of nitrogen oxides, program goals have been met or ex-
ceeded. The engine is slightly heavier and more costly than the reference
JT9r)-7A engine but does have a maintenance cost advantage duP primarily to a
reduction in the nun_er of parts.

TABLE6

FLIGHTPROPULSIONSYSTEHSTATUSRELATIVETO GOALS

Program Current Design
Goal Evaluation

TSFCReduction* - % 12.0 15.0

0_ Reductlon_ - %
DomesticAverage 5.0 10.2
International Average 5.0 13.1

Noise - EPNdB FAR36 FAR36(3978)
(1978) -3 to -5

Emissions - EPAP
Total Hydrocarbons 0.4 0.32
CarbonMonoxide 3.0 1.8
Nitrogen Oxides 3.0 4.3

TSFCDeterioration* -% 50 ***

Engine Weight* -% - +1.9

Engine Cost* _% - +4.7

Engine Hatntenance Cost* -% - -4.6 ,

Remarks: Full Stze, 19775 88_ Size, 19805
$.40-.45/3.78 liters $1.50/3.78 ltters

Note: 3.78 1tters = 1.0 US G_11on
* Relative to JT9D-7A reference engine scaled to t'light propulsion system

airflow size
** Relative to JTgD-7A engine installed in sameatrplene
*** Not estimated

1
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SEC_ION 4.0
FLIGHTPROPULSIONSYSTEMCOMPONENTDESIGNUPDATE

Thts sectton of the report describes the major componentsof the _tght pro-
pulston system in more detatl, discusses the predicted performance of each and
Identifies changes relative to the tntttal f11ght propulsion system design of
Reference 1.

4.1 Fan

The f11ghtpropulslonsystemfan component,as designed,is a high performance,
sinqle-stagesystemfeaturinga fan rotor with Integraldlsk/hubgeometryfor
reducedcomponentweight and recessedrub ;tripsin the fan containmentcase
for reducedblade tip leakage. This configurationhas a predictedefficiency
of 86.5percentwhich translatesinto approxlmately20 percentof the total 15
percentreductionin cruise thrust specificfuel consumptionfor the flight
propulsionsystemas comparedto the JTgD-7Areferenceengine. In addition,
the fan componentis predictedto meet or surpassgoals establishedfor surge
margin,structuralintegrityand durability.

A shroudless,hollowblade fan componentwas initiallydesignedfor the flight
propulslonsystem. However,resultsfrom supportingtechnologywork conducted
under Task 2 of the Energy EfficientEngine programindicatedcost effective
fabricationtechnologyreadinessextendedbeyond the time period established
for finaldesignof the f11ghtpropulsionsystem. As a result,the fan program
effortproceededwith designof a more conventionalsolid fan blade having a
slngle,aft-positionedshroud. Figure3 comparescross sectionsof the inltial
and currentdesignsof the fan component. As shown in this figure,the fan
rotor is supported by two main bearings housed tn a commonbearing support
attached to the compressor intermediate case. The fan overhangs its support
in a cantilevered configuration. The major design parameters for both the
initial and current designs are presented in Table 7. As shownin the table;
there is much similarity between the two designs except for changes to the
blade type, numberof blades and the numberof duct exit vanes and struts.

INITIAL CURRENT

Figure3 F11ghtPropulsionSystemInltlaland Current
Fan SectionComparison
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TABLE 7

FLIGHT PROPULSION SYSTEM FAN SECTION DESIGN COMPARISON

(AerodynamicDesign Point: 10675 m (35,000 ft), 0.8 Mn, Standard Day)

Initial Current

Design* Design

Number of stages I l
Pressure ratio (duct) 1.74 1.74
Corrected airflow, kg/sec (Ib/sec) 622 (1373) 622 (1373)
Bypass ratio 6.51 6.51
Surge Margin (percent) 15 15
Corrected tip speed, m/sec (ft/sec) 457 (1500) 455 (1496)
Inlet specific airflow, Ib/sec/sq ft 43 43
Inlet hub/tip radius ratio 0.34 0.34
Blade aspect ratio (avg length/rootchord) 2.5 4.0
Number of shrouds per blade 0 l
Number of blades 24 36
Number of duct exit vanes and struts 33 29

* Values shown are after thrust size of initial engine design w_s downsized
12 percent.

The initial fan component was redesigned with minimal modification so that the
shorter chord shrouded fan blade for the flight propulsion system is ;ocated
at the desired distance upstream of the low-pressure compressor inlet vane.
The shrouded fan blade flowpath diagram is presented in Figure 4.
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The shrouded fan blade design is stmllar to current high bypass ratio blade
designs(Reference3). The shroudedfan blade rotor consistsof 36 titanium
fan bladeswith each blade havingan aft part span shroudto providethe ne-
cessar)stabilityand durabilltyrequirements.The radialpressureratio dis-
tributionwas modified from that of the shroudless-bladedfan to compensate
for the additionalaerodynamicloss caused by the part span shroud. Design
contouredairfoilsectionswere incorporatedin the duct portionof the blade
spanwhile the core portionof the blade span containsconventionalmultiple
circulararc alrfoilsections. The blade root slope was increasedto tlend
into the existinglow-pressurecompressorconfiguration.Optimizationof the
Llendlngrequireda minor recontourlngof the compressorinletguide vane. In
addition,the numberof ductexit guide vaneswas reducedto maintaincompati-
bilitywith the first stage of the high-pressurecompressorduringcomponent
redesignto a lower hub/tipradiusratio. The aft part-spanshroudon the fan
blade was designed in accordancewith conventionalshroud design criteria.
Based on test resultswith this type of shroud,a 65 degreeshroud angle was
incorporated.Subsequentvibrationanalysisshowedblade resonantand flutter
designcriteriawere met in all areas.

Becauseof the greaterflowpathconvergenceat the tip of the shroudedbl_de
to accomplishthe desiredarea ratio and loadinglevel, the fan containment
designincorporatesa honeycombring betweenthe fan case and the Kevlar® to
providea cylindricalsurfacefor the Kevlar® wrap. Case thicknesswas set

by containmentcriteria. Blade passingresonancewas not a factorin the case
designfor the shroudedfan. i

The fan stubshaft,hub, and nose cone for the flight propulsionsystemwere i
redesignedfor the shroudedfan. Stubshaftthicknesswas establishedby the
designrequirementsof the rotor for the shroudedfan blade,with blade loss
settingflangethickness. The hub and the nose cone assembly,includingthe
blade retentionfeature,were redesignedusing flight propulsionsystem cri-
teria.

PredictedPerformance

An assessmentwas conductedto establishperformanceestimatesfor the shrouded
fan component. The adiabaticefficiencypredictionfor the duct section is
shown in Table8. Currentefficiencyexceedsthe 86.3 percentgoal level es-
tablishedfor the shroudedfan, which Inc}udesa 1.0 percentpenaltyfor the
additionof the shroud. The efficiencypredictedfor the fan with the current
state-of-the-artdesignsystemis 85.2 percent. A I.I percentimprovementin
predictedefficiencywas made possibleby incorporationof severaladvanced
technologyfeatures, includlngquasi three-dimensionaldesign and design-
contoured blades, controlled diffusion vanes, and rotor tip trenching.
_iechanicaldesignresultsshoweda capabilityto achievea 0.139cm (0.055in)
rotor tip clearancefor the flight propulsionsystem fan comparedto a goal
clearanceof 0.205cm (0.081in). This 0.066 cm (0.026in) tip clearanceIm-
provementwas estimatedto increaseduct sectionefficiencyan additlonal0.2
percent.

I 16
i
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; TABLE 8 "

CURRENT FLIGHT PROPULSION SYSTEM FAN (DU"T) ADIABATIC EFFICIENCY PREDICTION :_
(Aeredynamic Design Point: I0,675 m (3:,000 ft), 0.8 Mn, Standard Day) _

?

Percent

State-of-Art Design System (Goal Clearance) 85.2
Rotor Tip Trench +0.2
Specially Contoured B1ades +0.7
Specially Contoured Exit Vanes +0.2
Reduced Tip Clearance +0.2
Predicted Efficiency (Status Clearance)
Goal Efficiency (Goal Clearance) 86.3

On a preliminary basis, the assessment indicated no difference in the predicted
efficiency (90.2 percent) of the core section of the fan relative to the
shroudless configuration. Fan rotor and duct exit vane/strut performance maps
were updated at the completion of the detailed aerodynamic design.

Current fan aerodynamic design parameters and maps were incorporated into the
flight propulsion system performance simulation. Updated performance was de-
fined at the aerodynamic design point and at key off-design operating _oints. !
A comparison is presented in Table 9 of the updated performance results for
the fan section to performance predicted for the initial shroudless fan
design. Current and initial design fan performance is similar except for fan
duct section efficiency which is different because of shroudless versus
shrouded blade configuration effects.

4.2 Low-Pressure Compressor

The flight propulsion system low-pressure compressor component, as designed,
Is an efficient four-stage system featuring fixed inlet guide vanes, a drum
rotor assembly supported directly to the fan disk rim, controlled diffusion
airfoils for low loss Incidence, abradable rub-stripped trenches for reduced
tlp leakage, mini-cavitles to reduce endwall losses, and a full-annular modu-
"fatedbleed system designed to avoid compressor surge. This configuration ex-

, ceeds the design goal with a predicted adiabatic efficiency of 90.0 percent.
The low-pressure compressor component is predicted to meet or surpass goals
established for structural integrity and durability.

Figure 5 compares cross sections of the initial and current designs for the
flight propulsion system low-pressure compressor component. As shown In thls
figure, the current design reflects little change from the inltial design
except in the rotor hub configuration where the single-hub rotor support con-
figuration was deleted in favor of attaching the rotor directly to the fan
disk rim. The major parameters governing the aerodynamic design of the low-
pressure c,_mpressorcomponent for both the Initial and current designs are
presented in Table I0.

__________ |
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TABLE9

FLIGHT PROPULSIONSYSTEMFANPERFORMANCEPARAMETERCOMPARISON

AERODESIGNPOINT(l) MAXIMUMCRUISE(2) MAXIMUMCLIMB(3) TAKEOFF(4)
Initial Current Initial Current Initial Current Initial Current

oeslgn*oeslgn _ o_slgn _si_n*oeslgr,_ oesiqn
PressureRatio

Duct Section 1.74 1.74 1.71 1.71 1.79 1.78 1.57 1.58
Core Section 1.56 1.56 1.55 1.54 1.59 1.58 1.44 1.45

BypassRatio 6.51 6.51 6.59 6.60 6.38 6.39 7.02 6.83

Efficiency- %
Duct Section- Adiabatic 87.3 86.5 87.3 86.7 87.1 85o9 88.2 86.9

- Polytroplc 88.1 87.3 88.1 87.5 88.0 86.8 88.8 87.5
Core Section- Adiabatic _0.2 90.2 90.4 90.4 90.I _.l gi.4 91.4

- Polytropic 90.7 90.7 90.9 90.9 90.6 90.6 91.7 91.7

CorrectedAirflow - kg/sec
Total 622 622 615 615 633 632 544 550
Duct Section 539 _39 534 533 547 546 476 480
Core Section 82.9 82.9 81 80.8 85.8 85.5 67.9 70

Inlet Specific Airflow - 19.5 lg._ 19.2 19.2 19.8 19.8 17.0 17.2
kg(1b)/sec/.093 sq.m (43. ' (43.0) (42.5) (42.5) (43.8) (43.7) (37.6) (38.0)

Corrected Tip Speed - u39 138 13: 136 145 144 137 138
m/sec (ft/sec) (457) (455) (e., (449) (477) (474) (452) (456)

Rotor Speed - rev/min 3902 3902 3852 3846 4073 4065 3865 3905

Exit Temperature- °C
Duct Section 22 22 20 21 38 38 75 77
Core Section 11 l l !0 10 25 25 65 66

Design and Off-Design Operatin 9 Conditions:

(I) Aeeodynamic Design Point - 10675 m (35,000 it), 0.8 Mn, Standard Day
(2) MaximumCruise - 10675 m (35,000it), 0.8 Mn, Standard Day
(3) Maximum Climb - 10675m (35,000it), 0.8 Mno Standard Day + lO°C (18°F)

(4) Takeoff- SLTO, O Mn, StandardDay + 13.9°C(25°F)

* Values shownare after thrust size of tnitial engine design was downstzed 12 percent.

F
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TABLE I0

FLIGHT PROPULSION SYSTEM LOW-PRESSURE COMPRESSOR SECTION DESIGN COMPARISON
(Aerodynamic Design Point: I0675 m (35,000 ft), 0.8 Mn, Standard Day)

Initial Current

Design* Design

Number of Stages 4 4
Pressure Ratio 1.77 1.77
Corrected Inlet Airflow - kg(Ib)/sec 56.9 (125.6) 56.9 (125.6)
Surge Margin - % 20 18
Corrected Inlet Tip Speed - m(ft)/sec 242 (797) 242 (797)
Inlet Specific Airflow - kg(Ib)/sec/.093 sq.m 16.1 (35.6) 16.1 (35.6)
Hub/Tip Radius Ratio

Inlet 0.82 0.83
Exit 0.84 O.8l

Average Airfoil Aspect Ratio 2.40 2.24
Average Gap/Chord Ratio 0.9 0.84
Average Axial Velocity-to-WheelSpeed Ratio 0.7 0.72
Number of Airfoils 779 820

* Values shown are after thrust size of initial engine design was downsized 12

percent.

The Energy Efficient Engine low-pressure compressor design for the flight pro-
pulsion system is based largely on the technology inherent in current Pratt &
Whitney commercial engines. Aerodynamic design for the flight propulsion
system component evolved from the detail design effort undertaken for the in-
tegrated core/low spool low-pressure compressor (see Reference 4). The mech-
anical design features of the flight propulsion system low-pressure compressor
were retained in the integrated core/low spool but its compressor was not op-
timized for flight weight.

Low-pressure compressor flowpath dimensions were based on final detail design
specifications for the flight propulsion system fan component and compressor
intermediate case. Area distribution was established to give a smooth axial
loading distribution and flowpath. Final eirfoil aspect ratio and solidity
(gap/chord ratio) distributions through the low-pressure compressor were set

i to minimize two-dimensional losses while balancing the loading and achieving
I the desired surge margin. The critical surge margin requirementwas determined

I to be at part speed. Consequently, loadings were balanced accordingly and re-

! s,Jltedin a surge margin of 18 percent at the aerodynamic design point. Con-
'_ trolled diffusion airfoils are used throughout to minimize losses.!

i The titanium drum rotor assembly concept of the initial design was retained.
However, the single hub connecting the rotor assembly to the rotor shaft at

i the Joint forward of the No. I bearing in the Inltlal design and the integrated

core/low spool design was eliminated in favor of tying the drum directly to
the rlm of the fan disk. The drum rotor was sized based on preliminary
analyses of stress levels and deflections. Resulting stresses and lives met
flight propulslon system design requirements. Subsequent structural analysis
indicated that crltlcal speed met the design criteria.

20
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A flight-weight case for the f11ght propulslon system was defined that very _;
closely resembled the initial dest_, Stresses tn the case were foun_ to be
acceptabl e,

The low-pressure compressor exit surge bleed was moved from Its initial design
location aft of the fifth stator to forward of the fifth stator tn the current
design tn order to improve performance of the bleed system. The bleed annulus
at the outer wall of the core flowpath ts specially contoured to minimtze cap-
ture and turning losses. In the current design, turning vanes are used to
dtrect the bleed discharge into the fan duct at the proper incidence angle for
the exit guide vanes.

Predt cted Performance

An assessment was conducted to define perfomance predictions for the current
design of the low-pressure compressor, As shown tn Table 11, the efficiency
predicted for the c_lrrent state-of-the-art low-pressure compressor design hase
ts 89.7 percent. With Incorporation of advanced technology applications, the
adiabatic efficiency prediction exceeds the 89.9 percent goal level established
for the ]ow-pressure compressor at completion of the initial design.

TABLE 11

CURRENT FLIGHT PROPULSION SYSTEM LOW-PRESSURE COMPRESSOR
ADIABATIC EFFICIENCY PREDICTION

(Aerodynamic Design Point: 10675 m (35000 ft), 0.8 MN, Standard Day) i

Percent

State-of-the Art Design Base (Goal Clearance) 89.7
Ro,or Tip Irenches +0.2
Reduced Tip Clearance +0,I
Predicted Efficiency (Status Clearance)
Goal Efficiency (Goal Clearance) 89.9

Benefits derived from specially contoured airfoil leading edges and imi,'oved
cavity design are included in the current system estimate. An addition_l 0,2
percent increase is attributed to rotor tip trenching, Mechanical design
results showed the capability to achieve a 0.0495 cm (0.0195 in) average rotor
tip clearance for the low-pressure compressor of the flight propulsion system
compared to a goal clearance of 0.0533 cm (0.0210 in). This 0.0038 cm (0.0015
in) tip clearance improvement was estimated to increase efficiency an addi-
tional O.l percent. The low-pressure compressor map was reviewed and updated
at the completion of the detailed aerodynamic design.
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The currentlow-pressurecompressoraerodynamicdesignparametersand map were
incorporatedintothe flightpropulsionsystemperformancesimulation.Updated
performancewas definedat the aerodynamicdesignpoint and at key off-design
operatingpoints. Table 12 comparesthese resultsto the performancefor the
initialdesign. Currentand initialdesignlow-pressurecompressorperformance
is generallysimilarat each operatingpoint. Differencesin airflow,speed,
and efficiency(especiallyat the takeoffpoint) are attributableto map and
off-designmatchingrevisionsmade since the initialdesign. However,pressure
ratioand exit temperatureare unaffectedby these differences.

TABLE12

LOW-PRESSURECOMPRESSORPERFORMANCEPARAMETERCOMPARISON

AERO DESIGNPOINT(1) MAXIMUMCRUISE(2) MAXIMUMCLIMB(3) TAKEOFF(4)
Initial Current Initial Current Initial Current Initial Current

Deslgn*Design _ Design _ Design Design*Des__

PressureRatio 1.77 1.77 1.75 1.75 1.80 1.79 1.64 1.64

Efficiency- %
Adiabatic 89.9 go.o 90.0 90.4 89.5 89.3 go.7 92.2

,_olytrophic 90.6 go.7 go.7 91.I 90.3 90.1 91.3 92.6

CorrectedInletAirflow- 56.9 56.9 56.1 56 58.1 58 49.(_ 51

(kg/sec)

InletSpecificAirflow- 16.1 16.1 15.9 15.8 16.5 16.4 14.1 14.5
(kg(1b)/sec/.093 sq.m) (35.6} (35.6) (35.1) (35.0) (36.4) (36.3) (31.1) (3?.0)

Corrected Inlet Tip Speed - 242 24? 239 239 253 ?46 240 222
(m/sec.)

Exit Temperature - °C 66 66 64 63 86 85 121 121

Deslon and Off-Design OperatingConditions:

(1) AerodynamicDesign Point - I0675m (35,000ft), 0.8 Mn, StandardDay
(2) MaximumCruise - I067Bm (35,000ft), 0.8 Mn, Standard Day
(3) Maximum Climb - I0675m (35,000ft), 0.8 Mn, StandardDay + 10"C (18°F)
(4) Takeoff- SLTO, 0 Mn, StandardDay + 13.9°C(25eF)

* Values shown are after thrust size of initial engine design was downsized 17 percent.
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4.3 Compressor IntermediateCase

The compressor intermediatecase supports th_ fan case along with the low and
high-pressure spool rotors, forms the flowpath from the low-pressure compressor
to the high-pressure compressor inlet, and transfers engine loads to the mount
system ring attached to the backside of the struts. In addition, the interme-
diate case contains the provisions and plumbing for the rotors and accessory
drive shafts and gears.

The basic aerodynamic requirements of the compressor intermediate case are to
•, remove exit swirl from the fan rotor and to duct air from the low-pressure

compressor to the high-pressure compressor inlet without separation and with
minimum loss. The case includes an inner ring which forms the outer diameter
wall of the front bearing compartment and the inner diameter flowpath transi-
tion wall between the low-pressure and high-pressure compressors. Ten main
structural core struts extend radially outward to the outer fan case to form
the fan exit struts. Nineteen additional nonstructural fan exit guide vanes
are bolted between the inner and outer fan walls. A center casing, which
forms the outer diameter core flowpath wall and fan inner diameter wall is
welded to the struts. This casing transfers engine loads to the mount system
ring attached to the backside of the struts. The accessory drive system in-
cludes a drive gear which transfers power from the high-pressure compressor
rotor to the accessory tow_rshaft drive within the bottom strut. This shaft
then transfers the power to an angled gearbox used to drive the main gearbox.

Figure 6 compares cross sections of the initial and current compressor inter-
= mediate case designs. These designs are quite similar with the current con-

figuration representing the case designed in detail for the integratcJ core/low
spool.

The current compressor _ntermediate case design is the same in concept as the
initial design. However, two changes did occur during the detailed design of
the case and the detailed design of th: high-pressure compressor for testing
in the integrated core/low spool. The number of struts was reduced from
eleven to ten and acoustic treatment was removed from the intermediate case
ring walls in the fan duct.

Matching of the exit vane array in the fan duct to minimize back oressure dis-
tortion on the fan rotor (caused by the thick upper pylon strut) resulted in i
the optimized array of the current design shown in Figure 6. Optimization ih-
cluded the removal of the vahe adjacent to the suction side of the pylon to i
reduce distortion and avoid the extreme vane uncamber needed to achieve a rea-
sonable passage area distribution.

l
I
!
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The core portion of the structural struts is nonturning, with the last stator
of the low-pressure compressor and the inlet guide vane to the high-pressure
compressor aerodynamically accommodating the counterrotation of the |ow and
high pressure spools. Flowpath design controls the wall static pressure gra-
dients and avoids the risk of wall boundary layer separation, while making the
radial transition between the compressors. A combination airfoil section
(i.e., 65 series circular arc between the leading edge and maximum thickness
point and 400 series to the trailing edge) was used to minimize leading edge
blockage while providing increased thickness in the trailing edge region for
improved resistance to foreign object damage.

The _urrent design of the compressor intermediate case was analyzed in terms
of the different types of loading effects on deflections and stresses. Thrust
and gust loads, shown schematically in Figure 7, resulted in only a slight in-
crease in maximum inner case radial ovalization. Distortion of the h!gh-
pressure compressor front case was found to have only a small impact on blade
tip clearance under maximum thrust conditions. Flange and wall connections
were thickened at the No. l and No. 2 bearing support interface and at the
high-pressure compressor front case interface to achieve acceptable stress
margins. The impact of strut gas load-induced deflections of the center
casing, shown in Figure 8, was determined to cause no problem in outer case
rotation for the flight propulsion system with its core case-mounted gearbox
and accessories. Inner case twisting caused by strut-i_duced axial moments

| was found to be negligible. No local distortions were predicted and stresses

I in the structural struts were low. Nonstructural strut stresses were of no

consequence because these vanes carry only their own tangential loads and
vane flutter stability was assessed as adequate. ' I
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4.4 High-Pressure Compressor

The flight propulsion system ht_-pressure compressor _s an efficient ten- ::
stage configuration designed to produce a 14"1 pressure ratio and achieve an
adiabaticefficiencyof 88.3 percentat the aerodynamicdesignpoint. Major
aeromechanlcalfeaturesincludea drum rotor, reduced int ;tage cavities,
abtadableblade tip trenchesfor improvedinternalaerodynamicefficiency,an
axially-splltfrontouter case cor,cainlngvariablegeometryvanes in the first

' f,,urstages,and a single-plecerear case accommodatingthe remainingstages
of fixed stators. An eddltionalfeaturewhich enablesthe design goals and
durabilityestimatesto be met is low loss,hlghly-loadedairfoils.

Figure g comparescross sectionsof the initialand currentdesigns of the
high-pr_ssurecompressor. A design summaryis presentedin Table 13. The
most significant changes include a reduction in inlet hub/tip radius ratio
fret, 0.63 to 0.56, an average reaction reduction from 0.58 to 0.52, endwall
camber modifications, an average Cap/chord ratio reduction from 0.93 to 0.89,
and use of controlled diffusion airfoils in the majority of the airfoil rows.
Otherchangesincluderelocationof the innerdiameterbleed tube and severa,
revisionsto the rear case. Otherwise,aerodynamicdesignsfor the Inltlal
and currenthlgh-pressurecompressorsare similar. The mechanicaldesigns ':
differ only in detail. The eercdynamlcdesignand, for the most part, the
mechanicaldesignof the hlgh-pressurecompressorfor the flight propulsion
systemwere done in detailfor the integratedcore/lowspool portionof the
program.

TABLE13

FLIGHTPROPULSIONSYSTEMHIGI_-PRESSURECOMPRESSORSECTIONDESIGNCOMPARISON
(AerodynamicDesign Point:10675 m (35,000it),0.8 Mn, StandardDay) ,

InitialDesign* CurrentDesl_ln i

Numberof Stages 10 lO 1
PressureRatio 14.0 14.0
CorrectedInletAirflow,kg (Ib)/sec 35.2 (77.5) 35.2 (77.5)
Surge margin- I_ 25 20
CorrectedInletTlp Speed-m(ft)/sec 403 (1323) 379 (1245)
InletSpecificAirflow,kg(Ib)/sec/.O93sq.m 17.2 (38.0) 17.2 (38.0)
Huh/TipRadiusRatio

Inlet 0.63 O.56
Exlt O.922 O.924 ,

Exit MachNumber(no blockage) 0.28 0.28
AverageAspectRatio 1.56 1.52
AverageGap/ChordRatio 0.93 0.89 ;_
AverageAxialVelocity-to-WheelSpeed Ratio 0.55 0.559
Numberof Airfoils(withinletvane) 1352 1298
Numberof Variable Stator Rows 4 4

* Values shownare after thrust size of tnlttal engine design was downstzed 12
percent,

27

1985002639-041



O_,_;_ __v._,,_
OF pOOR _ L_,=-_''_

/ REARDRUMASSY
FRONT DRUM -_ 11THSTAGE / (NICKELALLOY)

(TITANIUM) \ _'_LEEO TUBES /

_ . LADDER SEALS-_ _ _ //

- C_ _ f ACC FAN AIR

VARIABLE STATORS \ / _IMPINGEMENT TUBES
IN AXIALLY SPLIT \ /

FRONT CASF \ / _ NON SPLIT

BLEED _ REAR CASE
MANIFOLDS

INITIAL HIGH PRESSURE COMPRESSOR CROSS SECTION

12TH STAGE MID COMPRESSOR
FRONT DRUM ASSY

BLEEDTUBES JOINT
TITANIUM \ /

\ CENTER TUBE \ /

• :-R6 R7 R81 I,Rg. R10 Rll R;12_" R13 R1_5 REAR DRUM ASSY _,
FRONT "---'-_v '_ ' _ ',' \' \_ \\, , NI ALLOY ._-_< _

BALANCE ;_ ,F-_-T_._.,' /l I! I k I' "t Y

FLANGE .... "ILL"t-_--'_ ,-- :_-_-"_ ': 1' IIII i _
I ! \ REAR

p_

\

ov
BALANCE

_ _ _w_. -,-- _

ACTIVE CLEARANCE

CONTROL TUBES
UNISON / / / 1 REAR CASE (5)
RINGS VARIABLE STATORS 8TH STAGE IOTH STAGE DIFFUSER

IN TITANIUM SPUT BLEED BLEED CASE
EXTENSION

CURRENT HIGH PRESSURE COMPRESSOR CROSS SECTION

f

Figure 9 Flight Propulsion System Htgh-Pressuee Compressor
, Section Comparison

_i 28

1985002639-042



O IG NALPAGE
OF POOR QUALITY

The newly defined flowpath is shown in Figure lO. The inlet hub/tip ratio of
0.56 represents the lowest obtainable ratio with the mechanical constraints
imposed by the Nu. 3 bearing comparti_nt. The an,ulus area disLribuLion was
set for the inlet specific flow using essentially a linear axial velocity de- !
crease to the no-blockage exit Mach number. The flowpath approximates a
constant mean diameter with some local variation to achieve the design surge i
mar§in (20 percent). The exit stage flowpath was canted about 5 degrees out-
ward from the centerline to improve the aerodynamic match with the combustor
diffuser section. Controlled diffusion airfoils were used throughout, with
the -xception of the first two blade rows (rotors 6 and 7) which were bladed
with m;_Itiplecircular arc airfoils. A 50 percent reaction level through the
rear stages resulted in a turning requirement of 52 degrees in the l_st stator
row to achieve axial discharge. A single row exit guide vane configuration
was selected to do this becaus_ it permits shorter length, fewer airfoils, and
lo_er weight as opposed to a two-row vane configuration. A 400 series airfoil
was selected for the high-pressure compressor inlet guide vane because of its

inherent large incidence range and choke margin capabilities.

Structural analyses resulted in a change from the eleven strut compressor in-

termediate case initially designed to a ten-strut configuration. All high-
pressure compressor airfoil rows have adequate resonance and flutter margins.

Axial gaps were set to preclude rotor-to-stator contact during engine oper-
ation. Initial gapping of the high-pressure compressor included the incorpo-

ration of flow guides in stages nine through fifteen. Further analysis did

not substantiate the anticipated performance benefits so these flow guides
were removed from the current design.

STAGE IOENT_ !

NUMOER _ AW-ON.S i

_ _ R7 S7 : _ M _ R10 $10 RI1 $11 R12512R13S13RI4_14R15EGV

....t tit li fll Illlllll

,!

Figure 10 Flight Propulsion System High-Pressure Compressor
Revised Flowpath
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Severalmechanicalrevisionswere made to the high-pressurecompressorcompared
to the initialdesign. These revisionsinclude:

o movingthe innerdiameterbleedtube fromthe eleventhto the
twelvethstage;

o reducinginnersealcavitysizes;
o revisingthe centertubeconfiguration;
o increasingthe disk borediametersin stageseleventhroughfourteen

to providenecessaryclearancefor the revisedcentertube;
o and the removalof heat shieldingand irsulationfrom betweenthe

innerand outerwallsof the rear case.

An oval entrancefor the bleed tube throughthe compressorrotor drum, as
shown in Figure]l, was usedto reducestressconcentration.

. Figure11 CurrentSolidBody BleedTube Configuration

: OF POOR QUALIT_
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Interstage cavity sizes were minimized, relative to the initial design, to re-
duce recirculation losses and the elimination of flow guides from the rear
stages contributed to further loss reduction.

Current disk and rotor drum sizing was based on stress and life requirements
for the flight propulsion system. Analyses showed most of the goals estab-
lished for the flight propulsion system were met. Some perturbations were re-
quired in part thicknesses, weld locations, fillet radii, etc. for all areas
to meet flight propulsion system goals. Areas requiring further analyses in-
clude the ninth, tenth, and thirteenth stage tangential attachments where disk
lug stresses are too high, and the thirteenth stage rim which did not achieve
the creep life goal.

Fully developed seals incorporated into the flight propulsion system prevent
any passage of oil+ Stages nine through fifteen are sufficiently sealed by
the center tube to prevent oil _rom entering. In addition, the solid body
bleed tubes act as a centrifugal separator for the drum bleed air.

Analysis of the initial center tube configuration indicated that local damping
was required to provide adequate vibration margins. To acccmplish this re_
quirement, a stiffened design was developed and found acceptable. An increase
in the bore diameters of the eleventh through the fourteenth stage disks was
required for proper clearance. For ease of fabrication and assembly, it was
also necessary to change from a one-piece to a two-piece center tube design.

The configuration of the initial front high-pressure compressor case was
simply refined while some moaifications were made to the rear case, including
the redesign of stator vane retention hooks. In addition, thermal analysis
indicated that heatshields and insulation between the inner and outer cases
could be removed without affecting accurate temperature control of the case
hooks, which are an integral part of the active clearance control system.

Predicted Performance

An assessment was conducted to define performance predictions for the current
high-pressure compressor° The adiabatic efficiency estimate is shown in Table
14.

TABLE 14

CURRENT FLIGHT PROPULSION SYSTEM HIGH-PRESSURE COMPRESSOR
ADIABATIC EFFICIENCY PREDICTION

(Aerodynamic Design Point: 10675 m (35,000 ft), 0.8 Mn, Standard Day)

Percent

State-of-Art Design System (Goal Clearances) 87.0
Rotor Tip Trenches +0.8
Controlled Diffusion Airfoils +0.4
Reduced Tip Clearance +0.1
Predicted Ffficiency (Status Clearance)

. Goal Efficiency (Goal Clearance) 88.2
+
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The current efficiency prediction of 88.3 percent exceeds the 88.2 percent
goal level established for the high-pr_ssure compressor at the completion of
the initial design. The efficiency predicted for the high-pressure compr=ssor
with the current state-of-the art design system is 87.0 percent. Benefits de-
rived from multiple circular arc airfoils, 20AA airfoil surface finish, stator
clearances for good cavity design, and the compressor intermediate case pres-
sure loss are included in the state-of-the-art design system estimate. An ad-
ditional 1.2 percent benefit increase is attributed to the incorporation of
rotor tip trenching and controlled diffusion airfoils. Mechanical design
results showed th_ capability to achieve a 0.030 cm (0.012 in) average rotor
tip clearance for the high-pressure compressor of the flight propulsion system
compared to the goal clearance of 0.033 cm (0.013 in). This 0.003 cm (O.OOl
in) tip clearance improvement was estimated to increase efficiency an addi-
tional O.l percent. The high-pressure compressor map was essentially un-
changed with only the flight propulsion system operating lines and points
having varied from the initial design.

Current high-pressure compressor aerodynamic design parameters and the com-
pressor map were incorporated into the flight propulsion system performance
simulation. Updated performance was defined at the aerudynamic design point
and at key off-design operating points. Table 15 compares these results to
the performance for the initial design. Performance for the current and
initial design high-pressure compressor is generally similar at each operating
point except for reduced corrected inlet tip speeds caused by the lower inlet
hub/tip radius ratio configuration for the current design. Some differences
in parameter values do exist at take off because of off-design matching
evolution, including the effects of high-pressure compressor tlp clearance im- !
provement compared to the initial design, i

TABLE15

FLIGHTPR_ULSIORSYSTEMHI_-PRESSURECONP_SSORPERF_NCE COgP_ZSON

AERODESIGNPOINT(l) NAXINUNCRUISE(2) MAXI_M CLI_(3) TAKE,F(4)
InltlaI Current Initial Current Initial Current InltiaI Current

Pressure Ratio 14.0 14.0 13.8 13.8 14.2 14.2 12.8 13.0

Efficiency-%
Adiabatic _.Z _.3 _.3 _.4 88.0 M.1 _.9 _.4
Pol_rophtc 91.6 91.7 91.7 91.7 91.5 91.6 9Z.0 92.4

Corr_ted Inlet Atrfl_ - 35.1 35.2 34.9 34 35.4 35.5 32.7 33.6
(k_sec)

Inlet Specific ktrfi_ - 17.2 17.2 17.1 17.1 17.3 17.4 16.0 16.4
(kg(lb)/s_/._3 sq.m) (_.0) (38.0) (37.0) (37.7) (38.3) (38.4) (35.4) (36.3)

Corr_ted Inlet Ttp Spe_ - 122 115 122 115 123 115 113 113
_sec(ft/sec) (4_) (379) (_2) (378) (4_) (380) (393) (373)

Rot_ Sp_d - rev/mln 13178 13177 131_ 1_9Z 1358E 13586 13_6 13_9

Exit Temp_ature - "C 481 _1 474 472 525 524 _8 $70

Design and Off-Design Operating Conditions:

(1) Aerodynutc OestgnPoint - 10675 • (35,000 ft), 0.8 Nn, Standard Day
" i (2) Maxt_ Cruise- 10675 • (35,000 ft). 0.8 He, Standard Day

i (3) MaximumClimb - 10675 m (35,000 ft), 0.8 Mn, Standard Day + 10"C (18°F)• (4) Takeoff - SLTO,0 Me, Standard Day + 13.9"C (ZS'F)
r

• Values shownare after thrust stze of initial er,gtne design was dowBstzed 12 percent.t

J
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4.5 Combustor

The flightpropulsionsystemcombustorcomponentdesign featuresan annular,
two-stageconfigurationthat combinesadvancesin aerodynamic,thermodynamic
and structure-mechanicstechnologyto providea compactsystemcapableof low
emissions and high performance. This conftgurat(on has a predicted efficiency
of 99.95 percent at design and off-design operating conditions and meets all
performance, structural and emissionsgoals established for the program with
the exception of oxides of nitrogen. Major design features include a short
curved-wall, dumpdiffuser; pilot and main zone combustion; and advanced seg-
mented liners with enhancedcooling capabilities and improved durability.

i The comhustor design also includes a curved-wall predtffuser which turns the
airflow outward to more nearly align the airflow with the combustor centerline
and reduce pressure losses associated with flow turning around the front end
of the combustor. An outward flowpath cant of five degrees in the high-

, pressure compressorexit guide vanes initiates the turning. The predtffuser
has an overall area ratio of 1.5, with a length-to-inlet height ratio of 3.5
and accomplishes, in itself, nine degrees of turning relative to the engine
centerltne. Twenty-four diffuser case struts are located downstreamof the
predtffuser dumpplane to transfer inner case loads to the outer case. The
comhustor tncludes ptlot and main burntng zones patterned after the
Experimental Clean CombustorProgram two-stage design to improve control of
emissions. The pilot zone ts designed to minimize emissions of carbon
monoxide and unburned hydrocarbons at low power flight conditions. At higher
powers, the majority of fuel is injected into the main zone, which is designed
to minimize oxides of nitrogen and smoke emissions. The two-stages are de-
signed to provide a maximumtemperature rise of B65°C (1589"F) within a 24.1
cm (9.5 tn) overall combustion chamberlength. A total of 120 counter parallel
FINWALL<_ (CPFW)segments is used to line the combustion chamber. This liner
estgn approach enables a component low cycle fatigue life of 11700 hours
7200missions). External to the diffuser case, fuel supply tubes and mani-

folds are completely shrouded to contain fuel leaks. The diffuser case
centerbody includes integrally cast struts and bosses for installing fuel
nozzle mount pins and ignitors.

Figure 12 comparescross s_cttons of the initial and current designs of the
comhustor. As shown in this figure, the current combustor design is
relatively unchangedfrom the initial design. The combustor for the flight
propulsion system was designed in detail for use in the integrated core/low
spool. Design detatls are reported in Reference 5.

The major aerodynamic )nd thermo-mechantcal design parameters for both the
initial and current designs of the combustor are presented in Table 16. As
shown in the table,there Is much similarity.
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TABLE 16

FLIGHTPROPULSIONSYSTEI4COMBUSTORSECTIONDESIGNCOt!PAR!SON

i (AerodynamicDesignFoint:10675m (35,000ft),0.8 Mn, StandardDay)

InitialDesign* CurrentDesign

Correctedinletairflow,kg/sec(lb/sec) 3.15 (6.96) 3.12 (6.90)
Inletpressure,_a (psia) ].40 (203) 1.40 (203)

! Inlettemperature,°C (°F) 48l (899) 48l (898)
i Sectionpressureloss (percent) 5.50 5.50
i Fuel/airratio 0.0240 0.0242

Combustorexit temperature,°C (°F) 1287 (2348) 1293 (2359)
i Efficiency(percent) 99.95 99.95
J

PrediffuserArea Ratio ].5 1.5

1 Length-to-lnletHeightRatio 3.5 3.5

I Numberof Struts 24 2_ ,

i OverallCombustionChamberLength- cm (in.) 24.1 (9.5) 24.l (9.5) i
, Numberof Nozzles

Pilot Zone 24 24
MainZone 48 48 C

_ * Valuesshownare after thrustsizeof initialenginedesignwas downsized12 ,J
1 percent.

i_ The structuralconfigurationcontains the followingfeatures:Turbine vane
{ torqueloadsare taken at the vane outer attachmentto avoid transmittingthem

to the inner combustorcase. The inner attachmentsof the turbinevanes are

i designedto allow radialgrowthof the vanes to preventthe high radial loads
imposed on the inner combustorcase assembly from causi-g deflectionand

i rubbingof the high-pressurecompressordischargeseal. Radial deflectionat
} the planeof the turbinevanes is furtherresistedby the followingchangesto

the diffusercase:
E

i o an increasein strut trailingedge thickness;
o an increasein strut innerchord;
o a repositioningof an innersupportring;
o and an increasein outer shellthickness.

The evolutionof the diffusercase-strutdesignis i11ustratedin Figure13.
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(a) INITIAL CONFIGURATION (b) FIRST MODIFICATION

INNER SUPPORT RING CUTBACK INNER SUPPORT RING

(c) CURRENTCONFIGURATION

INNER SUPPORT RING

_'r ORIGINAL PAGE |g
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Ftgure 13 CombustorDfffuser Case l_esfgn Evolution

The outer shroud-cantileveredexit guide vane assemblywas revised,as shown
in Figure14, and featurusthe fo}lowingmodifica¢ions.

o Vaneswith integralinnerand outer shroudsthat are circumferentially
separatedintogroupsof fivevanes to relievethermalgradient
stresses.

o Decoupledinnerand outer prediffuserductwalls.

o A sheetmetal seal to minimizeleakagethroLghthe gap betweenthe
vanes and innerprediffuserwall.

o Featherseals to controlair leakagethroughthe gapsbetweenvane
segments.

The combustorliner segmentswere reconfiguredto two, three, or four panel
designswith the panc1 lengthsfor three of the segmentsshortenedbased on
the resultsof detailedthermal analysis. An optimizedconvectivecooling
configurationfor the panel cross sectionwas established,includingcooling
hole diameterand spacing. A maximumwall temperatureof 884°C (1624°F)was
establishedfor the main zone. Total linercoolingflow is 31 percentof the
total combustorairflow. Life analysisfor the linerresultedin a predicted
7,200 cycles(or II,700hours) beforecrack initiationin a panel comparedto
a goalof 8,000hours.
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Figure14 RevisedHigh-PressureCompressorExit GuideVaneAssembly

I A typicalliner seg_nt is shown in Figure 15. The annularcombustorcontains -_
120 linpr seg_nts. Axial featherseals are on the sides of the seg_nts to
co,,_rolleakage. Cooling is accomplishedwith the counter-parallelFINWALL !
technique. This techniqueconsistsof a seriesof axial coolingholes across i
the seg_nt. Coolingair enters the liner throughslots on the liner cold
wall. It is then splitto flowboth counterand parallelto the hot gas flow.

The main zone carburetortube configuration,shown in Figure 16, incorporates
many of the featuresdevelopedin the Sector Co_ustor Rig portionof the
program. The _st prominentinclude(1) radial inflowswirlervane geo_try,
(2) co-rotational(secondary)swirlervane geo_try, and (3) optimizedcarbu-
retor tube length. Carburetortube supportlugs are incorporatedat the rear
of the tube to provide a fully supporteddesign. Refinementof the fuel
nozzlesupportassemblyresultedin the selectionof castingas the fabrication
approachbecauseof the complexgeo_try of this assembly. The resultingfuel
nozzle configurationis illustratedin Figure 17. Fuel manifold system and
sealing shroud designs were =efined without significantchanges from the

I initialconfigurations.

PredictedPerformance

Table 17 comparescombustorperformancedesign goals with the predictedper-
formancefor the currentdesign. As shown in Tabl_ 17, diffuserand combustor
testingconfir_d a preliminarypressureloss levelof 5.5 percent. Emissions
levelsfor the currentflightpropulsionsystemwere projectedfrom component
testingto be slightlyhigherthan initialestimatesfor unburnedhydrocarbons
and carbon_noxide, and slightlylowerfor oxidesof nitrogen. A significant
reductionin s_ke is currentlyprojected. Analysisconfir_d a 99.95 percent
combustionefficiencylevel.
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Figure 17 Revtsed CombustorFuel Nozzle Configuration
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TABLE17

FLIGHTPROPULSIONSYSTEMCOMBUSTORPREDICTEDPERFORR_NCE

Design Initial Predicted Perfo-mance
_oal Destgn Current Design

Overall pressure loss (percent) 5.F 5.5 5.5
| MaxtmumTemperature Pattern Factor 0.37 0.37 0.28

Outer Diameter SkewedRadtal Profile 121 (250) 121 (250) 104 (220)
Peak Exit Temperature- "C ('F)

, Emissions
Total UnburnedHydrocarbons (HC)* 0.4 0.20 0.32
Carbon I_onoxtde (CO)* 3.0 1.7 l.R

t Oxtdes of Nttroger, (HOx)* 3.0 4.6 4.3
SmokeNumber(SAE) 20 20 4

i * lbm/lO00 lbf thrust - hr/cycle
t

i

mmm. _ --- • ._"_. . _ _._,.,,._,,,,,_,_ 1
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Current and Inltialaerothernx_dynamicdesigns for the combustor differ where
parameters have been influenced by sector and full annular ri_ testing. In-

, eluded are Impro.ementsin temperaturepattern factor and radial profile.
These aerothermodynamicdesign parameterswere incorporated_Rto the flight
propulsionsystemperformancesimulation. Updatedperformancewas definedat
the aerodynamicdesignpoint and at key off-designoperatingpoints. Table 18
comparesthese resultsto the performancefo_ the initialdesign. Combust_r
performancefor the initialand currentdesignsis quite similarat each of

• the key o_eratlngconditions. The small difference__t takeoffare a result
of off-designmatchingevolutionsincethe initialdesign. Airflowdifferences
are a resultof air bleed quantitychanges. Combustorexit temperaturesshow
the effectsof philosophiesfor matching at the aerodynamicdesign point and
ratingat the key operatingpoints.

TABLE 18

FLIGHTPROP|ILSIONSYSTEMCONBUSTORPERFORMANCEPARAMETERCOMPARISON

AERO DESIGN POINT(1) MAXIMUMCRUISE(2) MAkXIMUMCLIMB(3) TAREOFF(4) '
laltlai Current Initial Current Initial Current Initial Curreni i'
_*_ __ __ __

Cor-ected Inlet Airflow - 3.15 3.12 3.16 3.13 3.14 3.11 3.17 3.15
( kgl sec )

Inlet Pressure- 92 92 89 89 96 96 2GI _q6

(kg(lb)/6.451 sq.cm.) abs, (203) (203) (197) (197) (2131 (212) (444) (456)

In}el Temperature - "C 481 481 474 472 525 524 568 571

Section Pressure Loss - % 5.50 5.50 5.53 5.53 5,44 5.43 5,54 5.58

Fuel/Air Ratio .02406 .024_0 .02360 ,02365 .02628 .02651 .02673 .0266/

Exit Temperature .- "C 1287 1293 1268 1268 1387 1:'_93 1435 1435

Efficiency- % 99.95 99.95 99.95 99,95 99.95 99._ 99,95 99.95

Destgn _nd Off-DeslgnOperatln 9 Conditions: E

(1) Aerodynamic Oestgn Point - 10675 m (35,000 it), 0.8 Mn, Standard Day
(2) Maxima Cruise - 10675 m (35,000 it), 0.8 Mn, Standard Day

3) MaximumClimb - 10675 m (35,000 it), 0,8 Mn, Standard Day + IC'C (18=F)4) Takeoff - SLTO, 0 Mn, _tandard Day + 13.9"C (25"F)

* Values shownere after thrust size of initial engine design was downsized 12 percent.

, (
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4.6 High-PressureTurbine

The flight propulsion system high-pressure turbine is an efficient singlestage
system designed to operate at a high velocity _atio and low axial velocity
(throughflowj to wheel speed ratio. Major component design features, in
addition to the single stage concept (which provides savings relative to
initial engine cost, weight and maintenance costs) include low-loss, highly-
loaded airfoils and active clearance control for increased aerodynamic effi-
ciency; improved gap and rim sealing for reduced leakage; and oxidation-
resistant ceated single crystal airfoil material for improved durability.
This configuration,with a predicted adiabatic efficiency of 89.1 percent at
the aerodynamicdesign point, is a major contributor to the overall 15 percent
improvementin cruise thrust specific fuel consumption for the flight propul-
sion system as compared to the JTgU-7A reference engine.

The design of the high-pressure turbine utilizes advanced technology in the
areas of aerodynamics, structures and materials to enhcnce efficiency, dura-
bility and performance retention. The disk rim reqion has a five-tooth blade
attachmentwith ellipticalcooling air supply holes.

Full-ring side plates seal the disk attachment front and rear regions. To
allow the engine to operate safely at high combustor exit temperatures with
minimal cooling requirements, the blades and vanes are fabricated from a

: high-strength,high-temperaturesingle crystal alloy.

= Figure 18 compares cross sections of the initial and current designs of the
high-pressure turbine while Table 19 summarizes the major design parameters
for both. Basic aerodynamic and n_chanical design parameters for the initial
and current high-pressure turbines are very similar. The differences are at-

- tributed primarily to evolution during the detail component _esign for the in-
tegrated core/low spool and are reflected in design updates for the flight
propulsionsystem.

Aerodynamic and mechanical detail 6esigns for the integrated core/low spool
high-pressure turbine (see Reference 6) essentially represent those for the
flight propulsion system. Performance data used to design the high-pressure
turbine For the integrated core/low spool were a combination of flight propul-
sion system predictionsand integratedcore/low spool expectations.

i While the aerodynamic definition for the high-pressure turbine remained basi-
; cally unchanged from the initial design, the current mechanical design config-
i uration for the flight propulsion system incorporatesnumerous changes.

l
l
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INITIAL HIGHPR SSURETURBINECROSSSECTION

!

CURRENTHIGHPRESSURETURBINECROSS SECTION

Figure18 F11ghtPropulsionSystem Hlgh-PressureT,Jrblne
SectionComparlson
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TABLE 19

1 FLIGHTPROPULSIONSYSTEMHIGH-PRESSURETURBINESECTIONDESIGNCOMPARISON(AerodynamicDesignPoint:10675m (35,000ft),0.8 lin,StandArdDay)

InitialDesign__* CurrentDesij_/!

Numberof Stages I 1
Pressureratio 4.03 3.99

0.56 0.56
Mea_ velocityratio ^CAN ) max.~ sq.cm (rev/min)z 316.1xl09 305-8xi09
Diskrim speed (max),m(ft)/sec 527 (1730) 521 (lTlO)
Enthalpychange- SLTO,Btu/N(Btu/lb) 858.5 (193.0) B46.4 (190.3
Mean bladeturning,degree 118 111.5
Numberof blades 54 54
Numberof vanes 24 24
Coolant/leakageflow (percent) 13.25 13.5
AverageReaction(percent) 43.0 43.0

* Valuesshownare afterthrustsizeof initialenginedesignwas downsized12
= percent.

r

The high-pressurecompressordischargeseal was changedfrom a wide channelto
a nine knife-edgerotatinglabyrinthconfigurationsince thermal and struc-
tural refinementstudieson the knife-edgedlabyrinthseal showed that tight
runningclearancescould be maintained. Felt metal is used as the rubstrip
materialto accommodatelocal interferences.Resultsfrom these studiesare
indicatedin Table 20.

" TABLE 20

PREDICTEDHIGH-PRESSURECOMPRESSORDISCHARC_ESEALRADIALCLEARANCES

Gap Location
Front Center Rear

OperatingCondition
Avg.clearance,c"_'(in)

Aero. DesignPoirt 0.030 (0.012) 0.035 (0.014) 0.027 (O.Oll)
Sea LevelTakeoff 0.033 (0.013) 0.033 (0.013) 0.033 {0.013)

_' ' Jl
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Optimization of blade cooling, conducted under the High-Pressure Turbine
Cooling Mode] supporting technology program (see Reference 10) resulted in the
radial ribs being relocated rearward and thickened toward the root section.
Showerheadholes located on the leading edge were eliminated at the root
section. Trip strips were added to both sidewalls of the showerhead (front)
cavity and to the suction sidewalls of the center cavities. The showerhead
cavity was also extended rearward at the tip and trip strips were added to
provide proper cooling of the tip. Cooling air is now injected directly from
the aft cavity into the trailing edge pedestal cavity, and the number of
trailing edge pedestal rows has been increased from 6 to 7. A comparison of
internal configurations is shown in Figure 19. These internal blade changes
permit blade life goals to be met with the desired cooling airflow ]evel.
Predicted life for the current flight propulsion system high-pressure turbine
blade is now 3500 missions (16,000 hours) compared to the 2200 missions
(10,000 hours) goal estab]ished in the initial design.
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I The blade attachmentconfigurationwas changed from four to five teeth to

I reducethe disk lug concentratedfilletstress• However,stressesin the disk
for the flight propulsionsystemare still up to twelve percentgreaterthan
allowable;whereas,the blade margins are sufficient. Further refinementof
the attachmentdesign for the flight propulsionsystemwill achievethe re-
quiredstressbalancebetweenthe di_k and blade,

To avoid blade naturalfrequenciesin the engine operatingspeed range, (I)
orientationof the secondaryaxes (rotationangle about the primaryor radial
axis)of the singlecrystalblade material is controlledto approximately2E
degrees;aad (2) the number of turbine intermediatecase struts was reduced
from 14 to II. The 25 degreesecondaryaxis orientationalignsthe material's
highermodulusof elasticitywith the blade'strailinoedge mean chord line.

, The lIE frequencyline showedamplemarginsfor the first and secondvibratory i
modes.

Optimizationof vane coolingresulted in only minor refinementsto the vane
internalconfigurationdefined in the initialdesign. Calculatedvane life
predictionsfor oxidationand crackin_caused from interactingcreep and low
cycle fatigueare shown in Table 21. All goals are attainablewith one re-
coating

TABLE 21

CURRENTHIGH-PRESSURETURBINEVANELIFE ESTIMATES

FlightPropulsionSystem FlightPropulsionSystem
Goal CurrentDesign

Oxidation 6,000hrs.* 7,000hrs.* _

Cracking I0,000hrs. (2200missions) ll,O00hrs.(2,500missions)

* A recoatingachieveslO,O00hours

The initialvane attachmentconfigurationwas refined to improvestructural
loadpaths and reduceairflowleakage. The vane is currentlymeci_anicallyre-
tainedby clampingat the outer attachmentand engagementin a slot at the
innerattachment.The inner attachmentrail fits the inner supportslot with
minimumclearanceto restrictvane twist while accommodatingthermalgrowth.
Reactionto vane circumferentialloads is taken at the outer attachmentto
avoid excessivetorqueloadsat the inner supportand improperloadingof the
combustordiffusercase struts. Pressure loads in the axial directionare
dividedbetweenthe innerand outerattachment.

Featherseals, used to close gaps and reduce leakagebetweenthe vane plat-
forms,were refined. Two featherseals are incorporatedinto the turbinevane
outer platform,as shown in Figure 20, to replace the original four-piece
feather seal configuration.This change was based on cooling air leakage

: studies and leakage rig testing results made available from the Energy
EfficiencyEngineHigh-PressureTurbineLeakagesupportingtechnologyprogram

.i (Referencell). The revisedconfigurationeliminatestwo of the three feather
! seal intersectionsthat were determinedto be high leakage areas. A vane

leakageof 1.4 per_e,_tfor the flightpropulsions)stemwas establishedbased
on the resultsof these analyses•

4_
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Figure20 CurrentVane Air LeakageControl

Blade and vane fabricationapproacheswere changedfrom two-piece,bondedcon-
structionto one-piececastingsbecauseof manufacturingcost reductionspro-
jectedfor single-piecefabrication.

Refinedstructuralanalysisof the high-pressureturbinedisk resultedin a
boltlesssideplatedesir,n(Figure21) which replacedthe initialbolted con-
figuration. In the boltlessdesign,the rear sideplateis canted 4 degrees
rearwardso that centrifugalsideplateloadswill resistrearwardb1_de loads
and pressureloadscausedby the pressuredifferencebetweenblade coolingair
and the diskrear cavity.

Curved,ellipticalbladecoolingair supplyholes in the disk rim (Figure22)
replacethe straight,roundblade coolingair supplyholes of the initialde-
sign. The ellipticalhole shape improvesthe rim breakoutstressconcentra-
tion factor relativeto a round hole. The curvatureimprovesthe flow of
stressesin the disk rim by providingincreasedhole-to-frontsidewallthick-
ness.

" To furtheroptimizethe bladecoolingair supplypressureat the root location,
: a vortexplate was added to the tangentialon-boardinjection(TOBI) system,
; also shown in Figure 21. Free vortexingof the coolingair was selectedas¢

I the methodfor increasingthe inlet pressureof the air enteringthe cooling
l air supplyholes in the disk.
i
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Figure ?.1 Boltless Stdepl_Ee Design
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BOLTLESS
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Figure 22 Curved, Elliptical Blade Cooling Air Supply Holes and
Tangential 0n-Board Injection (TOBI) System Wtth
Vortex Plate
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A 'mini'tangentialon-boardinjection(TOBI)systemwas incorporatedin the
disk front rim cavity, as shown in Figure 23. This system reduceswindage
heat-upby preswirlingthe air in the front disk rim cavity. The resultant
swirl field also providesa radial pressuregradientbetweenthe blade supp]y
TOBI ...__ .Lsy:_:,,,and the gas path staticpressure,L,,uSlinkingthe uL'-_-,ou:supply
pressuredirectlyto the inner gas path pressureat the blade leadingedge.
This linkagekeeps the pressurerelationshipfixed independentof seal leakage,
attachmentleakage,and blade_low area.

ORIGINALPAGE I_
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Figure23 Mini-TOBINozzleConfiguration
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The addition of a seal at the rear of the high-pressure turbine disk and a re-
duction in high-pressure compressor discharge seal diameter were required for
thrust balance. The added sea! increased the total pressure in the rear cavity
from ]8 percent of high-pressure compressor discharge pressure to 22 percent
and the reduced diameter high-pressure compressor discharge seal increased
forwara loading. These seals, along with the No. 4 bearing buffer seal, are
shown in Figure 24.

I

_ THRUST BALANCE

SEAL

,,\

Figure 24 Seal Arrangement for High-Pressure Rotor Thrust Balance

The high-pressure turbine outer air seal configuration is shown in Figure 25.
A revised cooling air impingement plate was designed for the outer air seal to
reduce leakage. The current configuration is a full ring encircling the
active clearance control _nanifold. A tight fit to the manifold eliminates
leakage and reduces complexity of the outer air seal segment design.

Slots are incorporated in the attaching hooks and rails of the seal segments
to provide the proper metal flexibility so that the ceramic material will not
be overstressed at any condition. Figure 26 shows the resulting air seal
segment design.
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Predicted Perfcrmance

An assessment was conducted to define current performance predictions for the
high-pressure turbine. The current component adiabatic efficiency prediction
of 89.1 percent, shown in Table 22 along with its contributing elements, ex-
ceeds the 88.2 percent goal l_vel established for the high-pressure turbine at
the completion of the initial design. The efficiency predicted for the current
high-pressure turbine is based on test results from the high-pressure turbine
component (Reference 17). The rig test efficiency at design point conditions
was 88.54 percent. Mechanical design results showed a capability to achieve a
0.032 cm (0.0126 in) rotor tip clearance for the flight propulsion system
high-pressure turbine compared to the rig clearance of 0.047 cm (0.0186 in).
This 0.015 cm (0.006 in) tip clearance improvement was estimated to increase
efficiency an additional 0.54 percent.

TABLE 22

CURRENT FLIGHT PROPULSION SYSTEM HIGH-PRESSURE TURBINE
ADIABATIC EFFICIENCY PREDICTION

(Aerodynamic Design Point: I0675 m (35,000 ft), 0.8 Mn, Standard Day)

Percent
(

HPT Component Rig (Rig Clearance of 0.047 cm (0.0186 in)) 88.54 I
Airfoil Coating - 0.09 :
Cooling/Rematching + O.ll :
Reduced Tip Clearance + 0.54
Predicted Efficiency (Status Clearance of 0.032 cm (0.0126 in)) _
Goal Efficiency (Goal Clearance of 0.048 cm (0.019 in)) 88.2

Note: Effect of Reynolds .u,,berassumed negligible per annular cascade r_sults.

High-pressure turbine maps were reviewed at the comp_..tionof the detailed aero-
dynamic design, and no basic changes were made. Only the flight propulsion
system operating points have varied from the initial designo

t

The current high-pressure turbine aerodynamic d_ign parameLers and maps were in-
corporated into the flight propulsion system performance simulation. Updated
performance was defined at the aerodynamic design point and at key off-design
operating points. Table 23 compares these results to the performance for the
initial design. Current and initial design high-pressure turbine performance is
generally similar at each operating point except for differences resulting from
high-pressure turbine efficiency improvements. Some differences in parameter
values do exist at takeoff because of off-design matching evolution, including
the effects of high-pressure turbine tip clearance improvement, since the initial
design.mb?

i
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TABLE?3

FLIGHT PROPULSIONSYSTENHIGH-PRESSURETURBINEPERFORRANCEPCRNdETERCOMPARISON

AERODESIGNPOINT(l) NAXINUNCRUISE(21 MAXIMUMCLINB(3) TAKEOFF(4)
Initial CurrellL Init|al Currem,L i, iL _l Current initial Current

_s___, _s___ _ _s___ _s___ _s__ _es__ _s___
Inlet Flow Parameter -

kg =K sq.cm/sec 7.62 7, 57 7.64 7.57 7.62 7.55 ;'. 62 7.55
(lb "R sq.in/sec) (16.80) (16.70) (16.85) (16.70) (16.80) (16.65) (16.80) (16.65)

Rotor Inlet Temperature - "C 1226 1223 1207 1201 1321 1321 1368 1362

Pressure Ratio 4.03 3.99 4.03 3.99 4.02 3.97 4.03 3.98

Adiabatic Efficiency - % 88.2 89.1 88.2 89.1 88.2 89.1 87.3 89.2

Enthalpy Change - Btu/N 858.5 858.5 847.3 834.0 911.8 900.7 932.7 928.3
(Btu/lb) (190.3) (190.3) (190.5) (187.5) (205.0) (202.5) (209.7) (208.7)

Cooling/Leakage Air'low - % 13.25 13.60 13.25 13.60 13.25 13.60 13.25 13.60

Exlt TemPerature - =C 837 837 823 818 912 912 954 946

Desi�n and Off-Dest�n OF_ratin 9 Conditions:

(1) Aerodynamic Destgn Point - 10675 m (35,000 ft), 0.8 Mn, Standard Day
(2) MaximumCruise - 10675 m (35,000 ft), 0.8 Mn, Standard Day

(3) MaximumClimb - 10675 m (35,000 ft), 0.8 Mn, Standard Day + 10"C (18=F)

(4) Takeoff - SLTO, 0 Nn, Standard Day + 13.9"C (25°F) !

* Values shownare after thrust slze of lnltlal engine design was downstzed 12 percent.

4.7 Turbine IntermediateCase

The turbine intermediate case supports the rear high and low-pressure spool
rotors, provides gaspath transition between the high-pressure turbine exit and
low-pressure turbine inlet, and transfers engine loads to the aft engine
mounts. Figure 27 compares cross sections of the initial and current designs
of the turbine intermediate case. In Lhe current case design the structur_l
struts have been reduced in number from 14 to II to avoid a 14E resonance on

the high-pressure turbine blade. In addition, the struts wer_ canted rearward
11 degrees to accommodate structural loadings imposed by low and high pressure
spool rotor thrust balance. Con_ing air passage hole exits illthe flight pro-
pulsion system struts are elliptical to produce a lower stress concentration
factor'and thus greater life. To meet life requirements, an advanced _ingle
crystal alloy (SC2000) is useJ for the strut fairings. The outer case is a
lightweight design that features a polygonal cross section at the strut con-
nection plane with flat plates joined at the L;ebolt bosses.
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INITIAL TURBINE INTERMEDIATE CASE CROSS SECTION CURRENT TURBINE INTERMEDIATE CASE CROSS SECTION

Figure 27 Flight Propulsion System Turhtne Intermedtat_ Case .:
Section Comparison

i

Each strut is electrm, beam welded to the torque ring at the inner diameter,
as shown in Figure 28, and fastened _o the outer case with a single, high
strength tiebo]t. Externally removable dowels are installed on either side of
each tiebolt to help tilestruts resist the ti§htening torque, absorb twisting
moments at the end of the strut, and prevent potential shear loads on the ti_-
bolt. Flight propu:sion system rear mount lugs are integrally forged with the
upper half of the outer case betweer struts.

The basic aerodynamic requirement of the turbine Intermediate case Is to duct
air from the hlgh=pressure turbine exit to the low-pressure turbine inlet
without separation and with minimum loss. The initial aerodynamic design of
the flight propulsion system turbine intermediate case remained basically
unchanged. Transltlcn duct testing results (see Reference 14), indicated that
the flight propulsion system design produced a pressure loss of 0.7 compared
to the goal of 1.5 percent while retaining most of the features detailed In
the initial design. The Initial strut fairing airfoil section was changed
from a 65 circular arc to a 400 series to increase incidence range capability.
Translt_un duct length was increased to accommodate high-pressure turbine

: blade structural considerations.

Based on resu!ts from the model testing, the tranzition duct design for the
! flight propulsion system is aerodynamfcallv stabie and provides the
I low-pressure turbine rotor inlet with a flowfield that is insensitive to the

i range of high-pressure turbine exit conditions evaludted. The tota" pressure

loss goal of 0.7 percent PT/PT was verified for transition duct design
• in the fiight propulsion system.

I
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Figure 28 Turbine IntermediateCase Design

Structural analyses of .urbine inte.-mediatecase struts and fairings confirmed
that lives at all strut sections are greater than 20,000 missions and have
greater than 30,000 hours capability to O.l percent creep. Tiebolt stresses
were calculated to be well within the ultimate, and preload_ were set at a

, level to prevent separation of the strut from the outer case under the worst
normal IL_J conditions Strut fairing stresses were found to be primarily
bending stresses with highect levels occurring at _he fillet areas, where they
are still well within limits. Durability goals in the fairings can a11 be met
with application of the required recoating. Predicted lives for cracking and

_i
ox dation are 23,000 hours and 9,300 hours (15,000 hr. with one recoating),

;, respectively.
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4.8 Low-Pressure Turbine

The flight Wopulslo,; system low-pressure turbine is a highly loaded four-stage
systemdesignedto operateat a low mean velocltyratioand a low ratioof
axia! veloc!ty (..,_oug,,,low) to wheel speed (Cx/U). Major componentdestgn
features have been incorporated to minimize leakage, improve aerodynamics and
reduce weight. Someof these include double wall case construction to accom-
modate an tnternal clearance control system for control of blade tip
clearances, low loss aft-loaded airfotls with elliptical leadtng edges,
stepped labyrinth inner air seals to control leakage, high-strength high-
temperature airfoil materials which eliminate atrfotl cooling requirements,
and blade leading and trailing edge flow guides to mint_dze cavity rectrcula-
tton losses. This configuration, has a predicted adiabatic efficiency of 91.6
percent at the aerodynamic design point.

Figure 29 compares cross sections of the initial and current designs of the
low-pressure turbine while Table 24 provides a design summary. Stnce the
initial design effort, a numberof changeshas been madeto the low-pressure
turbine. Basic aerodynamic criteria remained essentially unchangedwhile
detail changes in the mechanical design were rather extensive. Thes- modifi-
cations are descrihed in the following paragraphs.

TABLE24

FLIGHTPROPULSIONSYSTEMLOW-PRESSURETURBINESECTIONDESIGNCOMPARISON i
(AerodynamicDesignPoint:I0675m (35,000ft),0.8 Mn, StandardDay)

InitialDesign* CurrentDesign

Numberof Stages 4 4
PressureRatio 5.60 5.72
MeanVelocityRatio 0.47 0.47
AverageThroughflowVelocityRatio (Cx/U) 0.73 0.73
MaximumRim Speed- m(ft)/sec 198 (650) 199 (652)
InletSpeedParameterN/J-T.- rev/min/_F'K 87.3 87.3

InletFlow P_rameterW J-T- 30.4 29.6
Y

kg,J-°Kcm 2 /sec. where N is newtons

N

ExitMach Number(MeanAbsolute) 0.40 0.45
Enthalpychange- Btu/N(Btu/lb) 773.5 (173.9) 781.! (]75.6)
Numberof Airfoils 749 756

: Coolant/LeakageFlow (percent)** 2.27 2.55

* Valuesshownare afterthrustsizeof initialenginedesignwas downslzedIP
percent.

** Includesturbineintermediatecase flows.

r
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Figure 29 Flight Propulsion System Low-Pressure Turbine
Section Comparison

Test results from the Low-Pre_sureTurbine Boundary Layer supportingtech-
nologyprogram(Reference15) indicatethat the aft-loadedaerodynamicconcept
providedthe lowest loss airfoildesign for the turbine. Detaileddesign
studiesindicatedthat airfoilaxial gappinghad to be increasedto accommo-
date thermalgrowthof the shaft,cases, blades,and vanes;pressurelo_d de-
flectionsof the airfoil,case, shaft,and hub; vibratorydeflections;mechan-
icaltolerancesand bearingplay;and blademeshingcriteria. The increasein
airfoilaxial gappingwas absorbedby reducingthe gap betweenthe last blade
and the turbineexit case vane. Resultinggappingwas _ufficientfor incorpo-
rationof flow guideson the airfoilplatformsthat Jerve to minimizecavity

" recirculationlosses.
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The rotatinginnersealswere removedfrom the structuralspacersand included
as partof the nonstructuralspacers,as shown in Figure_0. Analysisof the
initialrotorconfigurationshowedthat in the event of a heavy rub, secondary
damag_coula resultin releaseof a disk. Th_ currentconfigurationnot only
ensures rotor integrity,but shields the structuralrotor from hot gaspath
flow.

P
INITIALDESIGN

ORIGINAL PAGE 19
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Figure30 Low-PressureTurbineInnerAir SealConceptComparison

The wide channelconfigurationfor the rotatinginner _ _ was eliminatedin
favorof a steppedknifeedge labyrinthsealwith honeyco lands. This change
was made becauselittle,if any, advantageover the more conventionalknife
edgeon honeycombconfigurationcould be established.

The front and rear hubs are boltedratherthan bondedto the second and fifth

stagedisks,F_spectively.

A seal was added to the front of the low-pressureturbinerotor for thrust
balancereasons. Based on the pressuredifferentialbetweenthe gaspathand
the front cavity,a dual thrustbalanceseal configurationwas selectedfea-
turing a steppedlabyrinthseal accommodatingthree knife edges and a non-
steppedseal with two knife edges. This geometrywas establishedto satisfy
intermeshcriteriaand propulsionsystemtransientexcursions.
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i Several revisions were made to the initial double wall design for the low-pressure turbine case. Case cooling was extended rearward from the rear foot
of the fourth stage vane to the front foot of the fifth stage vane, with air
now introduced at six axial locations for improved radial clearance control.
In addition the desian was optimized to use a mixture of eighth and fifteenth
stage compressor bleed air instead of all fifteenth stage air at takeoff, and
all eighth stage compressor bleed air instead of all tenth stage air at cruise.
Use of eighth stage air was estimated to improve thrust specific fuel consump-
tion by 0.28 percent at cruise. Cooling passages in the second stage turbine
vane support hook area and the third stage vane front support hook area are
filled with insulation. The other vane feet areas are cooled by metering a
portion of the cooling flow through holes in the inner turbine case wall to
internal manifolds adjacent to the feet. Heat transfer rates are maximized
with minimum flows by controlling the gap between the inner case and the sheet
metal flow guides. The case design, as modified, is illustrated in Figure 31.

VANE _ AIR

. v. I,%

Figure 31 Low-Pressure Turbine Case _dtftcattons

)

Several structural and life analyses, datailed below, were conducted for the
low-pressure turbine of the flight propulsion system during t_,edetailed design
effort. Results from these analyses are discussed below.

Predictions were made concerning blade creep strengths and lives. At the
limiting span, creep strength margins relative to allowables ranged from a low
of 14 percent in the second blade to a high of 50 percont in the fourth blade.
The life-limiting second and third b_.adeswere estimated to exceed goals by
h_ving 20,000 hours available in terms of both cracking and oxidation.

Vibration analysis of the fifth stage for the flight propulsion system indi-
cated that Ist mode frequency margin above the second and third engine orders
(i.e._ 2E and 3E) is ample at maximum rotor speed with the titanium-aluminide

•" material. Also, 13E with the downstream struts will be well below minimum
cruise speed for the first and second modes.
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Rotor lifeanalysisindicatedthat most all areas exceedlO0,O00cyclesexcept
the four areasnoted in Figure32, two of these areasmeetingonly the minimum
20,000cycle goal requirement.Life marginscould be added in these areas by
a slightrefinementto the currentdesign.

NOTE:ALLAREASEXCEED100,000CYCLES

: EXCEPTTHOSESHOWN

_.

38,OOOCYCLES

20,0(X)CYCLES

20,OE,OCYCLES

i

Figure32 RotorLow CycleFatigueL_fe

Low cycle fatigue life for the low pressure spool shaft was predictedto
exceedthe goalof 20,000cycles in all locations,exceptfor the front spline
which had a life of 1,300 cycles. Furtheranalysisshowed that this defi-
ciencycan be resolvedby increasingthe pitch diameterby 0.38 cm (0.15 in),
increasingthe root fillet rcdius,and crowningthe spline to betterdistri-
bute the loads.

I
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Predictions were made of vane creep strengths and lives. At the limiting
_pan, creep strength margins relative to allowables ranged from a low of 28
percent in the second vane to a high of 75 percent in the fifth vane. Life
calculations in terms of cracking showed qoals to be exceeded, with 20,000
hours for the life-limitingsecond, third, and fourth vanes. Surface oxidation
lives were estimated at 9,300 hours for the second vanes, 15,000 hours for the
third vanes, and 20,000 hours fur the fourth vanes. The life goal of 15,000
hours for the second vane can be met with one strip and recoat.

Low-pressure turbine case life was estimated using the resultant of stresses
caused by thermal and maneuver loads. L_fe estimated from this distribution
was determined to be in excess of the required 20,000 cycles.

Predicted Performance

An assessment was conducted to define the current performance predictions for
the low-pressure turbine. The efficiency estimate is shown in Table 25 below.

TABLE 25

CURRENT FLIGHT PROPULSION SYSTEM LOW-PRESSURE TURBINE
ADIABATIC EFFICIENCY PREDICTION

(Aerodynamic Design Point: I0675 m (35,000 it), 0.8 Mn, Standard Day) ,
!

Percent

State-of-the-ArtDesign System (Goal Clearance/Cooling) 90.5
Improved Aerodynamics +I.4
Cooling/Rematching +0.1
Increased Tip Clearance -0.4
Predicted Efficiency (Status Clearance)
Goal Efficiency (Goal Clearance) 91.5

Current efficiency exceeds the 91.5 percent goal level established for the low-
pressure turbine at the completion of the tntttal design. The efficiency pre-
dicted for the low-pressure turbine is based on the level currently estimated
for the integrated core/low spool turbine, with adjustments for the reduced
inlet annulus area and swirl effects of the flight propulsion system flowpath.
Thts 90.5 percent efficiency base assumes a goal average rotor tip clearance
of 0.048 cm (0.019 in) and goal levels of cooling and leakage airflows. De-
tatled mechanical design results showed a capability to achieve only a 0.088
cm (0.035 in) average rotor tip clearance for the low-pressure turbine of the
flight propulsion system compared to the goal clearance of 0.048 cm (0.019 In).
Maneuver loads produced these higher than anticipated deflections, particularly
in the rear stages. It was determined that reducing their impact would require
basic changes In the rotor system support. Thls major redesign effort was not _

• I

undertaken since the status efficiency exceeds the goal level, j

®,;
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Low-pressure turbine maps were reviewed at the completion of the detailed
aerodynamic design, and _o basic changes were made. Oflly the fltght propul-
sion system operating points have varted from the tntttal destgn.

The current low-pressure turbine aerodynamic design parameters and maps were
incorporated into the flight propulsion system simulation. Updated perform-
ance was defined at the aerodynamic design potnt and at key off-design operat-
Ing points. Table 26 comparesthese results to the performance for the tnftfal
design. Low-pressure turbtne performance for the current and initial designs
ts generally sfmtlar at each operating point. Differences, especially those
at takeoff, have occurred because of design potnt and off-design matching evo-
lution as detat] componentdesigns and fltght propulsion system updates have
been conducted.

TABLE 26

FLIGHTPROPULSIONSYSTEMLOW-PRESSURETURBINEPERFORMANCEPARAMETERCOMPARISON

AERO DESIGNPOINT(l) MAXIMUMCRUISE(2} _XIMUM CLIMB(3) TAKEOFF(4)
Initla! Current Initial Current Initia] Current Initial Current

w,FT
InletFTow Parameter--P--" i

kg _F°K cm2/sec. 30.43 29,66 30.48 29.71 30.36 29.59 30.48 29.66 I
N (67.10) (65.40) (67.20) (65.50) (66.95) (65.25) (67.20) (65.40) ,

where # t s newtons

Inlet Temperature - oC 837 837 821 818 912 912 954 946

Pressure Ratio 5.60 5.72 5.55 5.66 5.69 5.81 4.91 5.09

Adiabatic Efficiency - _ 91.5 gl.6 91.4 91.5 91.6 91.7 90.2 90.5

E.thaIpy Change - Btu/N 773.5 781.1 757.9 762.8 834.9 843.3 794.8 806.0
(Btu/lb) (173.9) (175.6) (170.4) (171.5) (187.7) (189.6) (178.7) (181.2)

Cooling/Leakage Atrflow- %** 2.30 3.10 2.30 3.10 2.30 3.10 1.80 3.10

Extt Te_erature - °C 479 474 470 463 531 527 598 582

_Dest_nand Off-Design Operating Conditions: ',

(1) Aerodynamic Design Point - 10675 m (35,000 it), 0.8 Fin, Standard Pay
(2) MaxttnumCruise - 10675 m (35,000 it), 0.8 Mn, Standard Day
(3) l_axlmumClimb - 10675 n (35,000 it), 0.8 Fln, Standard Day + 10°C* (18°F)
(4) Takeoff - SLTO, 0 Nn, Standard I_y + 13.9°C (25°F)

* Values shownare after thrust stze of tntttal engtne design was downstzed 12 percent.
P

** Includes turbtne intermediate case flows

{
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4.9 Turbine Exhaust Case

The turbine exhaust case supports the exhaust mixer and tailcone, and trans-
fers loads from the nacelleto the engine. The case includes24 exit guide
vanes to removethe low-pressureturbinedischargeresidualswirl and redir@ct
the exhaustgas from the turbineinto the exhaustmixer withoutseparationand
with minimumloss. This assemblycomprisesan integralring-strut-ringstruc-
ture with aerodynamicallyshapedstrutswhich serve as the low-pressuretur-
bine exit guide vanes. The innerring supportsthe tailplug. The outer ring
case supportsthe mixer,carriesthe loads from the cowl load transferring
and transfersthe load forwardthroughthe low-pressureturbinecase and to
the rearmounts. Figure33 comparescross sectionsof the initialand current
designs.

The initialdesignwas executedto accomodate exit swirlsof 0 and lO degrees,
pending results from the Exhaust Mixer Model support technology program
(Reference8). Model testingshowedswirl to improvemixing at the expenseof
excesspressureloss,so the currentcasedesignremovesall swirl. Exit guide
vaneswere changedfrom the original65 series airfoilto a controlleddiffu-
sion airfoildesignto producean attachedboundarylayer and attainthe de-
sired gas exit angle while minimizingpressurelosses. Endwa11contourshave
been defined for compatibilitywith the latest exhaust mixer design. For
loadingreasons,the numberof exit guidevaneswas increasedfrom the original
24 to 30.

Mechanically,the exit guide vanes are hollowfor reducedweight,and are fab-
ricatedby weldingtogethertitanium-aluminide(Ti-AI)sheets. The inner and
outer ringsare forgedfromthe samematerialand weldedto the vanes.

L

J

INITIAL TURBINE EXHAUST CASE CROSS SECTION CURRENT TURBINE EXHAUST CASE CROSS SECTION

p,.

,, Figure33 FlightPropulsionSystemTurbineExhaustCase
Section Comparison
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Predicted Performance

The original 0.9 percent exit guide vane pressure loss at the aerodynamic de-
sign point was confirmed during the detailed design effort. Tah!e 27 compares
current pressure losses at key operating points to those for the initial de-
sign. Matching evolution has caused small differences in loss at off-design
conditions.

TABLE27

FLIGHT PROPULSIO_SYSTEMTURBINEEXHAUSTPERFORMANCEPARAMETERCOI_OARISON

AENO DESIGN POINT(l) MAXIMUMCRUISE(2) MAXIMUM CLIMB(3) TAKEOFF(4)
Initial Current Initial Current Initial Current Initial Currenl

Pressure Loss - % 0.90 0.90 0.88 0.87 O.9S 0.95 0.66 0.69

Design and Off-DeslgnOperat!n9 Conditions:

(l) AerodynamicDesignPoint - 10675m (35,000ft), 0.8 Mn, StandardDay
(2) MaximumCruise - 10675m (35,000ft), 0.8 Mn, Standard Day

; (3) MaximumClimb - 10675m (35,000ft), 0.8 Mn, StandardDay + IO°C (18°F)
T (4) Takeoff- SLTO, O Mn, StandardDay + 13.g°c (25°F)

* Values shown are after thrust size of initialenginedesign was downsized 12 percent.

4.10 Exhaust Mixer and Nozzle

The initial design of the mixer/exhaust nozzle system has undergone some sig-
nificant changes. Some of these changes were based on results from the
Exhaust Mixer Model supporting technology program (Reference8). Other changes
were a result of additional detailed design work conducted for the integrated
core/low spool. These modifications are described in the following paragraphs.
Figure 34 compares cross sections of the initial and current designs of the
exhaust mixer and nozzle while Table 28 summarizes the major design parameters
for both configurations.
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INITIAL EXHAUST MIXER/NOZZLE CROSS SECTION CURRENT EXHAUST MIXER/NOZZLE CROSS SECTION

Ffgure 34 Flight Propulsion SystemExhaust tltxer and Nozzle
Sectton Comparison

TABLE 28

FLIGHTPROPULSIONSYSTEMEXHAUSTMIXERAND NOZZLESECTIONDESIGNCOMPARI_ON

• (AerodynamicDesignPoint:I0675m (35,000ft),0.8 Mn, StandardDay)

InitialDesign CurrentDesign

Numberof Lobes ]2 ]8
Length/Diameter 0.54 0.61

' Penetration(percent) 50 75
Efficiency(percent) 85.0 85.0 :
Core-to-DuctStreamTemperatureRatio 2.55 2.53
Core-to-DuctStreamPressureRatio 0.9] 0.9]
Core StreamMach Number 0.42 0.42
Duct StreamMach Number 0.56 0.56
InletSwirlAngle (degree) 0 to lO 0
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Aerodynamic-related configurational change_ made to the initial design were
substantial. Parametric test results from Phase I of the Mixer Model support-
ing technology program indicated that performance could be improved by in-
creasing the tailpipe length, number of lobes, and amou}Itof penetration.
Since these results were for internal performance oniy, an optimization study
was undertaken to factor in the impact of nacelle drag and propulsion system
weight. Study results, shown in Figure 35, indicate that an 18-1obe cc':_igu-
ration with an increased penetration level is desirable because of equ_a!enL
thrust specific fuel consumption improvements caused by thrust coefficient
(Cv), weight, and drag effects. However, a significant increase in the
length/diameterratio is not desireable because of the associated nacelle drag
and weight debits. More detailed analysis led to the selection of 75 percent
penetration and a slight increase in length/diameter to 0.61. The resulting
flowpath, presented in Figure 36, was used as the base for testing conducted
under Phase II of the Mixer Model supporting technology program. Phase I
testing also established the impact of low-pressure turbine exit guide vane
swirl on mixed performance. It showed that a lO degree _wirl cause; a 0.3
percent loss in thrust specific fuel consumption and led to a decision to
remove all swirl into the mixer. Test results also indicated integration of
the mixer with the structural pvlon in the nacelle to be minor in scope, with
very small overall penalties involve_.
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Figure 36 Updated PllxerFlowpath

Phase II testing results substantiated the projections based on Phase I re-
:. sults. Almost 85 percent of the performance i_iprovementgoal was accomplished
-' in Phase II testing. It was projected that additiopal tailoring of the mixer

configuration would provide enough improvement in performance characteristics
that the design goal of 3.3 percent reduction in thrust specific fuel consump-

: tion could be accomplished. Reduction of mixer pressure loss was envisioned
by recontouringof the turbine exhaust case and optimization of the mixer lobe
length. Mixing efficiency improvement was projected by recontouring lobe exit
geometry to further increase penetration without affecting weight. Phase II
data analysis led to the incorporation of hoods (sheet metal fairings) attach-
ed to the upstream portion e_ the lobes and a recontoured (reduced diameter,
slightly increased length) tailplug to improve the characteristics of the flow.

The introduction of hoods for a_rodynamic reasons provided the _tructural sup-
port required to make the mixer lobes self-supporting. This enhancement elim-
inated the requirement for support struts between the _nner portion of the

, lobes and the tailp]u§, which improves the characteristic of the gas flow.
The vibration dampers on the outer part of the lobe were also eliminated be-

" cause of the stiffening e_fects of the outer and inner hoods and the outer "ib
in conjunction with the aamper ring betwepn the inner lobe contour and the
structural ring at the rear of the turoin_ exhaust case. The inner lobec are
joined to the outer lobes at a single plane using rivets, which allows thermal
freedom between the inner lobe (exposed to hot core stream gas) and the outer
lobe (exposed to the relatively cold duct stream).

"t Predicted Performance
Exhaust mixer and nozzle performance was updated. A comparison of current

• parameter values with those of the initial design is presented for the aero-
dynamic design pcint and key off-design operating points in Table 29. Virtu-
ally no performance changes have occurred.
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TABLE29

FLIGHTPROPULSIONSYSTEMEXHAUSTMIXER ANDNOZZLEPERFORNANCEPARAHETERCOMPARISON

AERO DESIGN POINT(1) MAXIMUM CRUISE(2) MAXIMUMCLIMB(3_ TAKEOFF(4)
Inltlal Current Inltlal Current Inltla] Current _nltla] Curre ,

Efficiency - % 85 85 85 85 85 85 85 85

Core Stream PressureLoss - % 0.2_ 0.24 0.24 0.23 0.25 0.25 0.19 0.19

Duct Stream PressureLoss - % 0.18 0.18 0.18 0.18 0.18 0,18 0.17 0.17

Nozzle PressureLoss - % 0.34 0.34 0.340 0.34 0.34 0.34 0.29 0.29

Gross ThrustCoefficient(Cv} 0.9953 0.9958 0.9960 0.9960 0.9956 0.9957 0.9904 i_.e_gL

Design a,,dOff-DesignOperatln9 Cgno!tions:

(I) AerodynamicDesign Point - 10675m (35,000ft), 0.8 Mn, Standard Day
(2) MaximumCruise - 10675 m (35,000ft), 0.8 Mn, Standard Day
(3) K _imumCli_ - IN675m (35,000ft), 0.8 Mn S_andardDay + 10°C (18°F)
(4) Takeoff- SLTO, 0 Mn, StandardDay + 13.9°C(25°F)

i

* Values shown are after thrust size of initlalengine designwas downsized 12 per,._nt. _..

_.]I Nacelle

Initial nace]le design requirements _ere established on the oasis of engine,
installation, and overall performance considerations. It was determined that

the nacelle system for the Energy Ffficient Engine must provide high perform-
ance, tolerate h:gh angles of attack so as to minimize inlet distortion, and
be fully _reated accoustically to reduce noise. The nace11_ must _Iso oe in-
stal!able on representative aircraft without sacrificing benefits in perform-
ance and weight. The nacelle configuration comprises an inlet duct, cowl duct
section, a 'D' duct section and a tailcone. The inlet duct is bolted to the

fan case just forward of the fan blades. The cowl doors a e located just be-
hind the irlet and provide accessibility to the oii tank, and electronic _uel
control, lh_ cow; doors are hinged on both sides of the pylon c_J latched at
the bottom. Aft of the cowl doors are the 'D' shaped ducts which house the
thrust reverser and p_uvide the load path between the frjnt and rear mounts
through the nacelle. Th_ tailcone is a f_,aibody of revolution and remain_
with the pylon when the engine is removed. The 'V' sh,ped groove at the aft
end of t:.e'D' duct fits into a circumferential groove at the front of the
t_ilcone. When the 'D' ducts a_e opened, the tailcone is supported hy a 'T'

- shaped track bolted to the underside of the pylon.
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The engine mount system is designed to minimize engine case distortion and
bending for reduced tip gap clearances in the fan, compressors, and turbines.
This approach optimizes performance retention while improving overall engine
efficiency. The front mount, its plane being the aft face of the compressor

; intermediate case, transfers vertical, side, and thrust loads from.the engine
to the pylon. With its plane located at the turbine intermediate case, the
rear mount transfers the vertical, side and torque loads.

The current and initial designs oF the nacelle are snown in Figure 37 with a
summary of the current design presented in Table 30. A design comparison
shows changes to the initial design to be minimal. Only two basic revisions

._ have been made to the nacelle. It has been lengthened and aerodynamically up-
dated, and some of the constructiun has been revised.

OF POOR QUALITY
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INITIAL NACELLE CROSS SECTION
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CURRENT NACELLE CROS_ SECTION
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Figure 37 FT_ght _ropu_slon System I!acelleSection Comparison
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TABLE 30

FLIGHT PROPULSION SYSTEM NACELLE DESIGN COMPARISON

(Aerodynamic Design Point: I0675 m (35000 ft), 0.8 Mn, Standard Day)

Initial Design Current Design

Hilite-to-MaximumDiameter Ratio 0.83 0.83
(Dh/Dmax)

Hilite-to-ThroatArea Ratio (Ah/At) 1.25 1.25

Maximum Diameter Location - % of Maximum 40 40

Diameter Downstream of Inlet Leading Edge

Acoustic Treatment Length-to-Fan 0.5 0.56
Diameter Ratio

Inlet Airflow Capacity (Relative to 8 8
Nominal Maximum Airflow) - %

Acoust c Treatment
Inlet All Surfaces All Surfaces
Duct All Surfaces All Surfaces

Except Mixer Except Comp.
Intermediate
Case & Mixer

Reverse Thrust - % Forward Thrust 35 35

The nacelie configuration and performance were updated to reflect length in-
creases caused by 1owand high-pressure compressor and exhaust mixer and nozz.e
flowpath changes. Figure 38 shows the revised nacelle. Nacelle design param-
eters are generally unchanged. Tilenacelle length has been increased by 23.3
cm (9.2 in) due to (1) an increase in length caused by low-pressure compressor
rotor-to-statorg_pping requirements, (2) an _,crease in length caused by high-
pressure compressJr aerodynamic revisions anu (3) an increase in exhaust tail-
pipe length as a result of exhaust mixe. length/diameter increase based on
mixer model test results. A total external drag increase of I06 N {24 lb.)
resulted.

m_
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Figure 38 Updated Mixed Flow Nacelle

A review of the nacelle inlet requirements was completed as part of the detail
design effort for the integrated core/low spool. The results of this review
indicated that the design parameters established during the initial design of
the flight propulsion system should be retained, with the inlet designed for 8
percent growth capability. The length already established was projected to i

. provide an acoustical treatment length-to-fan diameter ratio of 0.56. I

A materia]s reassessment showed that the _ow temperatures in the tailpipe re-
_ion of the updated mixer/exnaust nozzle configuration could permit the use of
graphite polyimide honeycomb in place of the aluminum brazed titanium honey-
comb of the initial design. A 36 kg (80 lb.) weight reduction resulted from
this substitution.

Other changes in nacelle construction resulted from updated noise predictions
which led to (1) acoustic material thickness changes in the inlet, ,an case,
and fan duct and (2) the deletion of treatment altogether on the duct walls of
the compressor intermediatecase.

Predicted Performance

Internal and external nacelle performance was updated. A comparison of
current parameter values with those of the initial design is presented for the
aerodynamic design point and key off-design operating conditions in Table 3l.
Except for the increase in drag resulting from the increased length of the
nacelle, performance remains unchanged.

pl
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TABLE31

FLIGHTPROPULSIONSYSTEMNACELLEPERFORMANCEPARAMETERCOMPARISON

AERODESIGNPOINT(l) MAXIMUMCRUISE(2) MAXIMUMCLIMB(3) TAKEOFF(4)
I,|tSal CurrenL iniLJai Cv'ren_ initial Current Initial Current

Inlet Pressure Recovery 0.9966 0.9966 0.9966 0.9966 0.9966 0.9966 0.9925 0.9925
(PTZ/PTO)

Fan Duct Pressure Loss - % 0.60 0,60 0.61 0.61 0,59 0.59 0.54 0.54

Fan Stream Pressure Loss - % 1,12 1.12 1,13 1.13 1.10 1,10 1.01 1,01

Core Stream Pressure Loss - % 0.58 0.58 0.57 0.57 0.60 0.60 0.45 0.46

ExternalDrag - N 1605 1712 16PS 1712 1605 1712 0 0

Design and Off-DesignOperatingConditions:

(1) AerodynamicDesignPoint - 10675m (35,000ft), 0.8 Mn, Standard Day
(2) MaximumCruise - I0675m (35,_.0ft), 0.8 Mn, Standard Day

3) Maximum Climb - I0675m (35,000ft), 0.8 K,, StandardDay + lO°C (18°F)4) Takeoff- SLTO, 0 Hn, Standard Day + 13.9°C(25°_i

* Values shown are afterthrust size of In:.tialenginedesignwas downslzed 12 percent.

4.12 SUBSYSTEMDESIGNUPDATE

4.12.1 MainshaftBearingsand heals

Mainshaftbearingswere selectedon a preliminarybasis duringthe initialde-
sign, as describedin ReferenceI. Additionalanalysesfor the flightpropul-
sion system refined these preliminarybearing definitionsdue to updated
thrustbalance,rotor vibrationcontrol,and life conslderaions. A compari-
snn of currentand initialbearingsizes for the flightpropulsionsystem is
presentedIn Table32. Revisionsin size _re observedto be relativelysmall.
As a result,bearingsurfacespeeds,as measuredin terms of DN - the product
of bearinginnerdiameter(ram)and maximumrotor speed (rev/min),are virtually
unchanged. MaximumDN's rem_,L_)at approximately2.3 millionfor high pressure
spoolnumber3 and 4 bearlnc=_.

TABLE32

FLIGHTPROPULSIONSYSTEM;.iAINSHAFTBEARINGSIZECOMPARISON

Bearing InnerDiameter(n_n) OuterDiameter(mm)
Number Initial Current Initlal Current

l 27n 269 380 365
2 135 130 195 1go
3 170 160 260 250
4 170 160 260 250
5 170 160 240 230

l

o
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Bearing compartment seal designs were charged in several instances as results
from more detailed analyses became available. Table 33 summarizes the types
of seals incorporated in the current flight propul_'on system and compares
them to the seals selected in the initial flight pro JJsion system design. No
changes were made to the types of seals in the front bearing compartment of
the flight propulsion system except for the front Intershaft seal where four
knife edges were added to the original six knife edge labyrinth seal configu-
ration to further reduce breather flow rate. The number 4 bearing seal was
changed from a labyrinth to a carbon type seal to minimize breather flow. The
rear intershaft seal was also changed from a labyrinth to a back-to-back carbon
seal configuration. The number 5 bearing carbon type seal remained the same
for the current system. The seal types listed in Table 33 for the current
flight propulsion system are also used In the integrated core/low spool.

TABLE 33

BEARING COMPARTMENT MAINSHAFT SEAL COMPARISON

Seal T_pe

Seal Location Initial Flight Current Flight

Propulsion System Propulsion System

No. l (Front) Carbon Carbon

No. 3 (Rear) Six Knife Edge Six Knife Edge
Labyrinth Seal Labyrinth Seaa

No. 4 (Front) Five Knift Edge Carbon
Labyrinth Seal

No. 5 (Rear) Carbon Carbon

Front Intershaft Six Knife Edge Ten Knife Edge
Labyrinth Seal Labyrinth SeaI

Rear Intershaft Six Knife Edge Back-to-back Carbon
Labyrinth Seal

4,12.1.1 Buffer/BreatherSystem

The buffer/breather system utilizes buffer air bled from the inner diameter of
the high-pressure compressor inlet. The lcwer temperature of this air permits
the use of labyrinth seals. Dry face carbon seals for the number l bearing
front compartment and number 5 bearing rear compartment control the breather
flow and oi] consumption. The spent buffer air is carried through a deareator
mounted on the low shaft out to the engine exhaust. The cooler compartment

i'i environment reduces engine heat rejection, and the breather vent to sub-

ambient pressure ensures improved resistance to oil weepage during idle and
windmilling operations.
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Bearingcompartmentbuffer and breatherconfigurationsdefinedin the initial
designwere retained in concept. Figure 39 shows the current design. The
m_._. revision,Jrladditionto the seal changes mentioned in the previous
paragraph,was to eliminatethe deoilerin the rear compartmentand to scavenge
the air and oil togetherthroughthe turbinetransitionduct strutto the front
bearingcompartment.Rear and front compartmentair are servicedtogetherbe-
forebeingdischargedthroughthe centerventexhaustsystem.

0 "ALLo.Gs \ / -ou.
ROLLER BRGS _ BUFFER SYS'rEM

CARBON SEALS _ SREATHER SYSTEM

_ L_ SF.AJ.S

Figure39 CurrentFlightPropulsionSystemBearingCompartment
Buffer/Breather

4.12.1.2 LubricationSystem

The lubricationsystem,as initiallydesigned,features a non-regulatedoil
supplysystem,a conventionalscavengesystem,and a low shaft-mountedrotary
deareator. Successfuleffortsto minimizeoil flow while opt;mizingoil dis-
tributionfor minimumbearingand seal heat generationhas eliminatedthe re-
quirementfor an air/oilheat exchangerwithoutcompromiseto mainshaftbear-
ing and sealdurability.
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This initial design of the lubrication system has been retained, in concept,
for the flight propulsion system. The major change was to eliminate the dear-
eator in the rear compartment and to scavenge the oil (and air) to the front

_L. o.jo_,,, featurescompartment. As in _,,: initial configuration, the current ......*_-
; positive oil management to provide the necessary cooling and lubrication flows.

A main feature of the current system is self-regulation which simplifies the
plumbing, reduces the size and number of scavenge pumps, and eliminates the
need for a pressure regulating valve. It also features a blowdown system in
the rear compartment whereby oil and air are scavenged together through a tur-
bine transition duct strut to the front bearing compartment. A single low
rotor deoiler in the front compartment is used to separate the oil mist from
all the breather air.

4.12.2 Secondary Airflow System

The secondary airflow system provides air for component cooling, bearing com-
partment buffers/breathers,rotor thrust balance control, aircraft/engine ser-
vice bleeds, and active clearance control coolant. This system comprises six
distinct design features which exercise partial control over the major coolant
sources by setting the operational pressures, the flow rates, and/or tempera-
ture. These features include solid body tubes, knife edge labyrinth seals, a
tangential on-board injection (TOBI) supply system, a preswirl mini-TOBI
system, windage flow _eparator, and mid-turbine trip strips. Reference I con-
rains a complete description of each feature, as initially designed. _°

Considerable updating of the secondary flow system was accomplished as a result i
of detail design efforts directed toward integrated core/low spool demonstrator I
components and updates of the initial design for the flight propulsion system, i
Updating of specific maln design features presented In Reference l Is discussed
in other sections of this report. Specifically, solid body bleed tube changes
are discussed under Section 4.4; the knife edge labyrinth seal, tangential-on-
board injection supply system, preswirl 'mini' tangential-on-board injection
system, and windage flow separator changes are discussed under Section 4.6
along wlth mid-turblne blade trip strips and updated turbine airfoil cooling
schemes. Section 4.13 reports current revisions to the active clearance
control system. Upddtes of rotor thrust balance control and secondary airflow
rate, pressure, and temperature predictions are discussed in the fcllowlng
paragraphs.

4.12.2.1 Rotor Thrust Balance

Refined analysis of the low rotor thrust balance ir cated that rearward thrust
was unacceptable for the No. l bcJring. Therefore, the cavity in front of the
low-pressure turbine was depressurlzed in order to _educe loading. Depres-
surlzatlon was accomplished by adding a nonstepped, two knlfe-edge seal to the
front of the low-pressure turbine. The resultant rearwdrd load on the No. 1
bearing was acceptable.

Rearward loading In the hlgh pressure rotor was also found to have increased,
primarily as a result of reduced reaction In the hlgh-pressure compressor de-
sign. To minimize the load on the No. 3 bearing, a multi-stepped knife edge
seal was added to the rear of the hlgh-pressure turbine and the diameter of

- the hlgh-p_essurecompressor discharge seal was reduced.
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The resultingthrust balancesystemwas refinedfollowingcompletionof the
fan, low-pressurecompressor,and low-pressureturbinecomponentdetailedde-
signs. High pressurerotor thrustbalanceload remainedessentiallyunchanged
at the sea leveltakeoffconditionbecauseno configurationchangeswere made.
The low pressurerotor load, however,was predictedto increaseat se_ level
takeoff.

To accommodatethe revlse6thrust loads on the low and hlgh pressurerotors
and still maintainacceptableaxial and radial spring rates,the turbineIn-
tennedtate case struts were canted 11 degrees rearward.

4.12.2.2 Airflow Rate, Pressure, and Temperature

The secondary air flow system i_odel developed during the initial design was
updated to reflect changes induced by the following:

o turbine atrfotl cooling and leakage based on life analysts and
high-pressure turbine supporting technology program results;

o high end low pressure spool seal provisions for improved thrust balance;

o rear intershaftseal and buffersystemrevisionsto reduceoil leakage;

o low-pressureturbineinnercavitycoolingrefinement;

o refinementof activeclearancecontrolrequirementsfor the high- and
low-pressureturbinesto optimizeclearancesand deterioration;

o high-pressurecompressorbleed sourcerevisionsto supplysystemair at
the lowestpossiblepenalties.

The initialflight propulsionsystemsecondaryairflowmap of airflows,pres-
sures,and temperaturesis presentedin Figure 40. Figure41 providesa cur-
rent systemmap indicatingparametricvaluesreflectingthe abovechanges.

Table34 comparescurrentand initialairflowlevelsat he aerodynamicdesign
point. As tiledesigneffortevolved,systemairflowincreaseswere generally
experienced_However,as indicatedby the totals,the magnitudeof these in-
creaseswas not large.
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i + 13.8°C (+25°F)
SEA-LEVEL AERO.DESIGN
TAKEOFF POINT

3096 MPa 1402 MPn
PT3 (449) psi (203,3) ps=

,Nae 66 3 kg/sec 31.8 kg/sec
(146 3) Ib/sec (70.2) Ib/sec
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TABLE 34

FLIGHT PROPULSIONSYSTEMSECOhDARYAIRFLOWSYSTEMCOMPARISON
(Aerodynamic Design Point: 10675 m (35000 ft), 0.8 Bn, Standard Day)

quantities - % Core Airflow
Initial Design Current Design

High Pressure Turbine

Disk
Front Rim Cavity 0.48 0.61
Rear Rim Cavity 0.43 0.54

Blade

Airfoil Cooling 2.57 2.74
Sideplate Cooling 0.23 -
Leakage 0.17 0.24

Vane

Airfoil Cooling 6.14 6.41
Platform Cooling 0.90 0.81
Leakage 1.03 1.40

Case

Outer Airseal Cooling 1.24 0.85
Flange Leakage 0.06 0.09

Sub Total: 13.25 13,69

Low Pressure Turbine

Intermediate Case 0.25 0.64
Disks/Inner Seals 1.02 0.99
Case/Outer Seals l.O0 0.89
Flange Leakage - 0.03

Sub Total: 2.27 2.55

Buffer System 0.43 0.49

High Pressure Com ressor Active 0.50 0.50
' Clearance Control_

TOTAL: 16.45 17.23
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The detailed design of the secondary airflow system culminated in (1) refine-
ment of controlling areas In the highand low-pressure turbine and rear bear|ng
compartment regions, (2) refinement of clearances in the front intershaft seal,
rear bearing compartment rear buffer seal and the low-pressure turbine front
thrust balance seal, and (3) extension of the center vent pipe beyond the exit
of the exhaust nozzle.

Current secondary airflow system controlling areas for the flight propulsion
system are shown in Table 35. The first turbine blade compartment orifices
were sized to provide the required amount of airfoil cooling. The 'mini' tan-
gential on-board injection area was sized to provide 0.50 percent core airflow

' to reduce windage in front of the first turbine disk. Sizing of the turbine
intermediate case outer rear seal was done t supply 0.15 percent core airflow
to the second vane outer support in order t{ reduce thermal stresses. Third
and fourth turbine blade cooling holes locate_ in the rotor forward of the re-
spective disks were designed to supply the attachments with the necessary
cooling air. Holes in the center vent knife edge seal support were set to re-
duce the back pressure in the rear bearing compartment buffer system.

TABLE 35

CURRENT FLIGHT PROPULSION SYSTEM
SECONDARY AIRFLOW SYSTEM CONTROLLING AREAS

Location Area_ sq.cm (sq.in)

First Turbine Blade Showerhead Orifice 5.03 (0.780)
First Turbine Blade Multipass Orifice 17.10 (2.650)
Mini Tangential On-Board Injection Holes 1.19 (0.184)
IntermediateCase Outer Rear Seal 4.76 (0.738)
Third Turbine Blade Front Cooling Holes 6.45 (l.O00)
Fourth Turbine Blade Front Coollng Holes 2.58 (0.400)
Center Vent Knife Edge Support Holes 31.42 (4.870)

Current clearances For the critical controlling seals are shown in Table 36.
The front bearing compartment intershaft seal clearance was set at the minimum
possible level at ground idle, based on deflection and deterioration analyses,
to ensure that flow through the seal is always into the compartment. Similarly,
the clearance of the rear buffer seal in the rear bearing compartment was min-
imized to prevent reverse flow of the oil/air mixture from the compartment.
Clearance of the low-pressure turbine front seal was defined at the takeoff
condition to provide the pressure drop and flow quantity required for low
rotor thrust balance.

:4
.j
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: TABLE36

: CURRENTFLIGHTPROPULSIONSYSTEM
- SECONDARYAIRFLOWSYSTEMCONTROLLINGSEAL CLEARANCES

Location FlightConditlon CIearance- cm (in)

Front Intershaft Sea Level,0 Mn, Std. +
13.9°C(2S°F)Idle 0.050 (.020)

Rear BearingCompartment Sea Level,0 Mn, Std. +
RearBuffer 13.9°C(25°F)Idle 0.050 (.020)

Low PressureTurbineFront SLTO, 0 Mn, Std. +
ThrustBalance 13.9°C(25°F) 0.055 (.022)

To provide the bearing compartment buffer system with an ambient vent pressure,
the center vent pipe is extended past the end of the tailptpe. Secondary flow
system analysis with the pipe terminating at the tatlpipe exit showed vent
pressure to be ,_,boveambient at the aerodyncmfc design point.

+,

4.12.3 ElectronicEngineControl
t

L I

The electronicenginecontrolis a full authoritydigitalsystem designedto I
_ manage fuel for the flightpropulsionsystem'stwo-stagecombustorand provide

controlof variablehigh-pressurecompressorvanes, start bleeds, intercom- I
pressorsurgebleeds,and air valvesfor activeclearancecontrol. The control
systemregulateshydraulicpressurefor statorvanes and bleed actuatorswith . :
minimum fuel temperaturerise and at minimum system cost and weight. Fuel
flow managemententailsseparatemeteringof fuel flows to the pilot zone and
main zone fuel nozzles. The engine control system is unchangedfrom the
Initlalflightpropulsionsystemdesign.

4.13 SPECIALDESIGNCONSIDERATIONS

4.13.1 Materials

Changesmade in materialsfor the flightpropulslonsystem since the Initiai
design are not extensive,as shown by a comparisonpresentedin AppendixA.
Most revisionsweremade as a resultof the detaileddesignsof the components
indicatingthat materialstrengthscould be downgraded,a11owing lower cost
alloys to be substitutedwithoutloss of performance. A few areas, such Ps
the turbinesection, did require revisionsto higher strengthmaterialsto
meet establishedllfe criteria. No n¢w advancedtechnologyalloys were re=
qulrod,or identifiedas desirable,duringthe updatingeffortsfor the fllgnt
propulsion system.

J
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4.13.2 Clearance Control

The objective of clearance control is to minimize rotor blade tip-to-case
radial clearance at all operating conditions to optimize performance without
incurring rubs during normal flight.

Clearance analyses were updated for each component during the detail design
efforts. The analytical procedures used, clearance criteria considered, and
the clearance control design features involved were unchanged from those des-
cribed in Reference l for the initial design. The general philosophy for es-
tablishing tip gaps was reviewed separately for each component, and optimiza-
tion of the active clearance control system was completed.

Tip gap philosophieswere defined so that cold clearances could be established
to best meet the initial and deteriorated thrust specific fuel consumption
goals. For example, assessments made for the high-pressure compressor and
high-pressureturbine showed that the performance goals can be met or exceeded
if the gaps are set to prevent rubbing at all running conditions except severe
maneuvers. In addition, active clearance control must be used in both com-
ponents to achieve the desired relationship between pinch point, cruise, and
takeoff clearances. All compression system components were designed to allow
the blade tips to be on-line with the flowpath wall at the aerodynamic design
point by running over shallow trenches in the rubstrips that allow for normal
operating excursions. Fan tip gap philosophy allows hardware tolerances and
severe maneuvers to rub-in. Rub-in from hardware tolerances, case ovalization,
and severe maneuvers was the philosophy selected for the low-pressure com-
pressor. A11owing tolerances to rub-in is also the philosophy for the low-
pressure turbine, which also requires active clearance control. Finally, all
component blade tips will be machined at assembly to minimize the effect of
tolerances on tip gap. This approach eliminates the 'long' blade rub problem
and allows for more accurate mating of the rotor with the case during com-
ponent assembly.

A summary of current tip clearance estimates for flight propulsion system com-
ponents is presented in Table 37. Goals and clearances established during the
initial design are included for comparison. The effects of active clearance
control are incorporated where applicable. Results indicate that the current
component designs have blade tip clearances that are better than the goals es-
tablished for the aerodynamic design point (consistent with maximum cruise)
and takeoff operating points with the exception of the low-pressure turbine.
Extensive case analysis and modifications to the active clearance control
system improved low-pressure turbine tip clearances relative to the initial
design. However, maneuver deflections could not be controlled well enough
with the current configuration to provide goal level clearances.

I
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IABLE 37

FPS COMPONENTTIP CLEARANCECOMPARISON

AERODYNAMICDESIGNPOINT TAKEOFF
Initial Current Initial _urrent

Fan - cm 0.205 0.228 O.13g - 0.185 0,152
Low PressureCompressor(Avg.)- cm 0.053 0.053 0.048 0.071 o.ogl
High PressureCompressor(Avg.)- cm 0.033 0.025 0.030 0.045 0.030 0.035
Hiqh PressureTurbine- cm 0.048 0,027 0.035 0.068 0.063 0,033
Low Pressure Turbine (Avg.) - cm 0.048 D.og6 0.088 0.142 O. lg3 0.147

* Values shown are after thrust size of initial engine design was downsized 12 percent.

Notes:
Clearances at MAXIMUMCRUISEare the same as those at the AERODYNAMICDESIGNPOINT.

(2) System performance for the tnltial design assumesgoal level clearances in each component.

Stage-by-stage tip clearances for the multi-stage components are given in
Tables 38, 39, and 40 for the lowand high-pressure compressors and the low-
pressure turb(ne, respectively. Jhe effects of active clearance control are

; incorporatedwhere applicable. Currentclearancesfor the low-pressurecom-
pressorare lower than those predlctedfor the inltialdesign becauseof in-
creased stiffnessin the compressorintermediatecase. High-pressurecom-
pressorclearancesare essentiallyequivalentto those of the initialdesign,
with activeclearancecontrolincorporated,becauseinitialdesignconceptsof
rotor and case constructionand material compatibilityproviJed the best
clearancecontrolpossible. Tip clearancesfor the low-pressureturOinewere
l_'provedin the rear stages,principallybecauseof detailedtailoringof the :
case/rotordesignsand the activeclearancecontrolsystem.

TABLE38

CURRENTFLIGHTPROPULSIONSYSTEMLO_-PRESSURECO_IPRESSOR
BLADE TIP CLEARANCES- cm (in)

Rotor2 Rotor 3 Rotor4 Rotor 5

AerodynamicDesignPoint 0.033 0.033 0.053 0.078
and Max. CruiseClearances (0.013) (0.013) (0.021) (0.031)

Takeoff 0.096 0.086 0.093 0.088
(0.038) (0.034) (0.037) (0.035)

• i
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TABLE 39

CURRENTFLIGHTPROPULSIONSYSTEMHIGH-PRESSURECOMPRESSOR
BLADE TIP CLEARANCES- cm (in)

AerodynamicDesignPoint
Rotor __nd Max. CruiseClearances) Takeoff

' T 0.035 (OZOl4) 0.040 (0._16)
7 0.040 (0.016) 0.038 (O.Ol5)
8 0.050 (0.020) 0.035 (0.014)

._ 9 0.033 (0.013) 0.035 (0.014)
10 0.027 (O.Oll) 0.033 (0.013)
II 0.027 (0.011) 0.030 (0.012)
12 0.025 (0.010) 0.030 (0.012)
13 0.025 (0.010) 0.040 (0.016)
14 0.025 (0.010) 0.035 (0.0]4)
15 0.022 (0.009) 0.033 (0.013)

TABLE40

CURRENTFLIGHTPROPULSIONSYSTEMLOW-PRESSURETURBINE
BLADETIP CLEARANCES- cm (in)

Rotor 2 Rotor'3 Rotor4 Rotor5

AerodynamicDesignPoint 0.055 0,068 0,093 0,134
and Max. CruiseClearances (0.022) (0.027) (0.037) (0.053)

Takeoff 0.]24 0.]32 0.160 0.]72
(0.049) (0.052) (0.063) (0,068)

, Substantialimprovementin fan tip clearancewas projectedbecauseof increased

stiffnessin the compressorintermediatecase. In addition,careful tailoring
of the activeclearancecontrolsystemresultedin reducedrunningclearanceat
takeofffor the high-pressureturbine.

The externalactiveclearancecontrolapproach,with air for the high-pressure i
compressorimpingingfrom pipes on the case at criticalflange locations,was
selected because it eliminatesthe complex design problems of an internal
system. Comparedto the internalsystem,it providesthe best means for opti-
mizing blade tip clearanceby case-rotorthermalmatchingwithoutthe complex-
ity of doublewall constructionand with fewer leaks. It can be tailoredto
variedsta_e-to-stageclearancecontrolmovement,and its characteristicsare
anal_icallymorepredictablethan thoseof the internalconfiguration.
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The hub configuration of the low-pressure turbine was evaluated because of
I concerns for deflections and weight. Flgu_e 42 depicts the concepts evaluated

while Table 41 presents the radial and axial deflectlnn_ under a simulated 0.2
rad/sec gyro maneuver for each configuration, Results of this evaluation con-
finned the selection of the double hub or 'A' frame configuration from the
initial design as the most tolerant to radial and axial deflections.

{

?

II I I - .

I

A FRAME SINGLEAFT HUB WlNDBACK WlNDBACK

Figure 42 Low-Pressure Turbine Rotor Hub Configurations

l

TABLE 4}

ROTOR RADIAL AND AXIAL DEFLECTION STUDY RESULTS

A Frame Single Aft Hub Windback Windback
Radial Deflection - cm (in) ---- ;

Stage 2 0.0396 0.0500 0.0853 0,04]1
(0.0156) (0.0197) (0,0336) (0.0i62)

Stage 5 -0.0259 -0.0497 -0.0660 -0.0289

(-0.0102) (-0.0196) (-0.0260) (-0.0114)
Axial Deflection - cm (in)

Stage 2 0.0746 0.1259 0.1971 0.087l
(0.0294) (0.0496) (0.0776) (0,0343)

Stage 5 0.0988 0.1480 0,2225 0,1069 "

(0.0389) (0.0583) (0.0876) (0.0421)

A schematic of the current active clearance control system is shown in Figure
43. Like the initial system design, it is used to control clearances in the
rear stages of the highpressure compressor, in the high-pressure turbine, and
in the front stages of the low-pressure turbine, For improved clearance con-
trol in the rear of the low-pressure turbine, the system was extended rearward
from the rear foot of the fourth stage vane in the initial design to include
the front foot of the fifth stage vane in the current design. This system in-
corporates a combination of external fan air impingement on the compressor case
during cruise operation and a dual compressor bleed manifold system which
supplies the internally cooled turbine cases with different temperature air
between takeoff and cruise. This approach reflects the initial design concept
except for redefinition of the mixture quantities and a change in compressor
stage bleed source for the low-pressureturbine.
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*MOST RECENTANALYSIS INOICATED MIXING IS NOT REQUIREDFORTHE HPT

Figure43 CurrentFlightPropulsionSystemActiveClearanceControlSystem I

Detaileddesignof the high-pressurecompressoractiveclearancecontrolsystem
resultedin the additionof a fifth impingementtube to the rear case to ade-
quatelycover all flangesand shroudhooks. Air bleed schedulingrequirements
were established,taking into accountboth steadystate and transientpropul-
sion system operationand minimum gapping requirements. The resultant air
schedulingsystem producesminimumclearancepinch points for each compressor
stage at the operatingconditionsshown in Table 42. Activeclearancecontrol
was determinedto reduceaveragetip clearanceby 0.007 cm (0.003in). A 0.030
cm (0.012in) averageclearancewas obtainedat altitudeusing 0.5 percentfan
air bleed,

D_
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i', TABLE 42

CURRERi"IIIGH-PRESSURECOMPRESSOR DESIGN PINCH POINTS

Stage Number Pinch Point Condition

6 Sea Level Takeoff
7 Deceleration
8 Sea Level Takeoff
9 Acceleration

10 Begin Cruise
]l Begin Cruise
12 Acceleration
13 Acceleration
14 Decp_eration
15 De_,eration

As ares It of detailed analysis of the active clearance control system for
the high-pressure turbine, the initial design was refined. A scheduled mix-
ture of tenth and fifteenth stage compressor bleed air is used to cooi full i
ring rails, which control the clearances of the outer air seal. The thermal !

. environment of the front and rear rails is carefully matched to prevent un-
equal thermal gradbents, which could result in tilting. The air scheduling is
accomplished through a valving arrangement incorporating a check valve and a
regulating valve. Although a mixing valve was part of the arrangement in the
initial design, the _nostcurrent analysis of the secondary airflow system in-
cluded active clearance control requirements and indicated that desired tip
clearances can be maintained without mixing. A bleed quantity of 0.22 percent
of core airflow is taken from either the fifteenth or tenth stage of the high-
pressure compressor, depending on flight condition, to control blade tip

, clearance. Air scheduling is such that the pinch point occurs early in an ac-
celeration, clearances during takeoff and climb do not unduly penalize per-
formance, and clearance at cruise is minimized to provide the best combination
of initial and long time performance. Current active clearance control bleed
air schedule requirements are shown in Table 43.

8, !
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TABLE 43
!

:' CURRENT HIGH-PRESSURE TURBINE ACTIVE CLEARANCE CONTROL
_; AIRBLEED REQUIREMENTS

Bleed Quantity Is 0.22 Percent of Core Airflow

Flight Condition Bleed SoJrce (HPC Stage)

Idle 15
Acceleration 15
Takeoff 15
Climb

Jess than 6,096 m 15
(20,000 ft) and above lO

Cruise lO

Detailed analysis of the active clearance control for the low-pressure turbine
resulted in (1) extending control rearward to include the front foot of the
fifth stage turbine vane, (2) changing the lower temperature compressor bleed

i source to the eighth stage, and (3) carefully refining the detail_ of the in-
I itial design. Control is provided by a convectively cooled chamber positioned ,

;_ between a double-walled case with air progressively leaked into she main gas-
path as it cools the vane outer attachments and case hardware. Air scheduling !
is accomplished through a valving arrangement incorporating a check valve, re-
gulating valve, and mixing valve. Air scheduling is such that the pinch point
occurs early in an acceleration and clearances during takeoff, climb, and
cruise are controlled to provide the best combination of initial and long time
performance. Current active clearance control bleed air schedule and quantity
requirements are shown in Table 44.

TABLE 44

CURRENT LOW-PRESSURE TURBINE ACTIVE CLEARANCE CONTROL
AIRBLEED REQUIREMENTS

.i

Flight Condition Bleed Source (HPC Stage)
Bleed quantitx - % Core Airflow

Acceleration 8/15 0.48/0.32
Takeoff 8/15 0.48/0.32

, Climb - less than

6,096 m (20,000 f_) 8/15 0.48/0.32
and above 8 0.80

Cruise 8 0.80
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4.13.3 Performance Retention

Two major causes for current in-_prvir_ n_ ...... _............. _........_,,_ u=_,dua_iun are clearance
increases caused by internal engine rubs and erosion of gaspath parts. Design
features incorporated in the flight propulsion system during the initial de-
sign were refined during the detailed designs of the components. Dttails are
repo_ted in References ] and 3 through 7. During these design efforts, em-
phasis was placed on ensuring case and rotor stiffness and the proper sharing
of the imposed loads between the nacelle duct (cowl) walls and th_ engine
cases. The rotor-frame model was refined in order to reflect the final de-

signs, and rotor tip clearances were evaluated. Clearances in each component
were set to maximize initial performance while still meeting long term
(deteriorated) performance goals. Desired abradability standards fGr seals
throughout the engine were met by careful design and materials selection.
Loss of performance caused L/ erosion of compressor airfoils was further re-
duced by more extensive use _f controlled diffusion airfoils that incorporate
thick leading edges. Turbine _irtoil attachment designs wer'erefined as a re-
sult of analyses aimed at minimizing distortions during operation.

4.13.4 Retor Vibration Control

Basic anti-vibration features incorporated in the initial design of the flight
propulsion system were refined during the detailed designs of the components.
Details are reported in References ] and 3 through 7. These detailed analyses
din indicate the necessity for improved rotor control so chat all rotor

• dynamics criteria could be met. The most significant improvements included
= the a6dition of oil dampers to the front thrust (number 3) bearing on the high

pressure rotor and the rear (number 5) bearing orlthe low-pressure rotor. The
" current rotor support configurations are shown in Figures 44 and 45.

- The initial rotor-frame analytical model was revised to reflect the aodition
of oil dampers and refined to account for all linear and torsional springs and
damping by support structures between the high and low-pressure rotors, _he
core component cases, and the inner and outer fan ducts. Figure 46 shows the
refined model.

The current design configuration of the flight propulsion system was analyzed
with the revised and refined rotor-frame model. Results for the low and high
pressure rotors are shown in Figures 47 and 48, respectively. All modes meet
the design c,,teria. The most serious critical speed modes are the f,ee-free
shaft modes with high strain energies. These modes occur well above maximum
rotor speeds and the low-pressure shaft mode is well below idle speed for the
high-pressure rotor. The other high pressure rotor modes are adequately below
idle-speed for the high pressure rotor. The tailplug mode is adequately above
maximum low-pressure rotor _peed. Fan and low-pressure turbine modes for the
low-pressure rotor: although in the operating region between idle and minimum
cruise speeds, are acceptable because of low strain energy levels.

m,t
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Sprino
Description Nu_er Description

I Fan/L_ Rotor KO]* #I Bearing
2 LPC Case K02* #2 Bearing
3 Fan Case KO3* #3 Bearinq& Support(Equivalent) :
4 Stubshaft K04* #4 Bearing
5 1-2 Low Shaft KOS* #5 Bearing

6 #i BearingSupport #5 Bearing
Cone

7 Low Shaft Forward KO6 F-anIntermediate Ca_-Linear
8 Low ShaftAft TO6 Fan IntermediateCase-Trunnion
9 #2 BearingSupport K07 Fan I/C StrutsLinear
10 #3 BearingSupport TO7 Fan I/C StrutsTrunnion
11 HighRotor K08 Fan Exha.st Case-Linear
12 High Rotor TOB Fan Exhaust Case-Trunnion
13 HighRotor KOg TurbineIntermediateCase
14 HighCompressorCase KIO Fan Duct/TurblneCase Connector
15 HighCompressorCase K11 Fan Duct BifurcationBeam
16 Diffusion/HPTCase K12" #5 BearingViscousDampe_
17 Dun_..y K14" #4 BearingViscousDamper
18 Dummy KI6 #4 BearingCenteringSoring
Ig Low Turb& Exhaust K17 TurbineIntermediateCase _

Case
20 LOWPressu_| Turbine K21 Front Mount

Rotor ,
21 InnerFan Duct K22 RearMount
22 PlugMixer
23 Outer FanDuct
24 Tail Pipe

* Springrates are a function of the type of load.

Figure46 CurrentFlightPropul_lonSystemRotor-FrameCriticalSpeedModel
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Acceptable bowed rotor starting characteristics are achieved with the aid of
the viscous film oil dampers on the euter races of the number 3 and number 4

bearings.

I 4.1_ SYSTEM PERFORMANCE AND ECONOMIC ANALYSES
This section presents performance design goals and operating economic data

i based on installation of the updated flight propulsion system into repre-sentative future commercial aircraft. Included in this discussion are the

major factors which influenced the evolutionary improvement of thrust specific
fuel consumption for the flight propulsion system, updated weight estimates as
dictated by current design and configuration modifications, updated manu-
facturing and maintenance cost estimates, and flight performance and operating
economics for future commercial airplanes employing the flight propulsion
system. The criteria assessed during this evaluation include fuel burn,
direct operating cost, performance deterioration, noise, and emissions.

L

4.14.1 Fuel Consumption

The performance simulations for the flight propulsion system have been period-
ically updated throughout the program, as described in Sections 3.2 through

, 3.4 of this report. These updates have been conducted to evaluate the effects
of subsequent design and configuration changes• The primary emphasis in these
updates has been the projection of status thrust specific fuel consumption for
the flight propulsion system. A comparison of thrust specific fuel consump-
tion at the maximum cruise rating between the flight propulsion system, as it
has evolved, and the JT9D-7A reference engine is presented in Figure 49. In
this comparison, the JT9D-7A is scaled to the airflow size of the flight pro-
pulsion system and both are installed in isolated nacelles without customer
service airbleed or power extraction The comparison shows status thrust spe-
cific fuel consumption has been better than the Energy Efficient Engine _

Program goal of twelve percent reduction throughout the program. The current
level of 15 percent improvement relative to the JT9D-TA reference engine shows : :
favorably against the 14.9 percent improvement projected for the initial de-
sign.

Several major factors influenced the evolution of thrust specific fuel con-
sumption for the flight propulsion system. Changes affecting the level be-
tween the May 1979 and October 1979 status updates include improving perform-
ance by using a more suitable design point location on the fan rotor map and i
by reducing losses from the fan duct exit guide vanes• A revision to the sec- _ ;
ondary airflow system, however, resulted in a net loss. The improvement made

I between October 1979 and March 1980 was a result of improvements in high-

pressure compressor and high-pressure turbir_erotor tip clearances, revisions
in high-pressure turbine tip seal and low-pressure turbine cooling and leakage
airflow, and a drag increase caused by length increases associated with high- i
pressure compressor and exhaust mixer design changes. The June 1981 and cur-
rent thrust specific fuel consumption level evolved from a variety of design
changes occurring sluIceMarch Ig80. These changes include:

o improved fan and low-pressure compressor tip clearances;
o worse low-pressure turbine tip clearance and secondary airflow;
o incorporationof a shroud on the fan blade;

93 h. i

1985002639-113



1| -
III,AXliMUM CRi,AtI: '1| M {m,O00 tt,.| OJI I_ ITAJOIOAIqO _Y

tP_,N,L,IID,liBO4,,A'TIHDN_

'4[ ORIQINALPAGE M
OF POOR QUALITY

11

R_OlU_MGOAL

Figure 49 Fltght Propu]ston SystemThrust Spectftc Fuel Consumption
Evolutl

o an improvedfan map;
o high-pressureturbineimprovementsdue to coolingair revisions,sec-

ondaryairflowreduction,and rematching;
o reducedturbinetransitionduct losses;
o improvedlow-pressureturbineaerodynamics;
o and generallyincreasedsecondarysystemand turbinecoolingairflows.

The major elementscontributingto the initialand current thrust specific
fuel consumptionadvantagesare comparedin Table45.

TABLE45

FLIGHTPROPULSIONSYSTEMTHRU.;TSPECIFICFUELCONSUMPTIONCOMPARISON

(AerodynamicDesignPoint:10675m (35,000ft),0.8 Mn, StandardDay)

(Referenceis Airflow-ScaledJTgD-7AEngine)

TSFC Change- Percent
Cuntributor InitialDesign CurrentDesign

Low PressureSpool - 5.8 - 5.8
High PressureSpool - 3.5 - 3.8
Cycle - 3.2 - 3.2
Mixin,/Inst_llation - 2.4 - 2.2

Total --T(T_
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A comparison of installed and uninstalled thrust specific fuel consumption
(and thrust) for the initial and current designs of the flight propulsion

system is given at the key rated operating conditions in Table 46. Evolution
of the design has resulted in a small thrust loss of about 0.8 percent at the
altitude conditions, but a thrust gain of 2.3 percent at takeoff. Thrust
specific fuel consumption has improved O.l percent at maximum cruise and 0.5
percent at takeoff. Conversely, it has increased 0.5 percent at the maximum
climb condition.

4.14.2 Weight

Flight propulsion system weight was updated periodically as design and con-
figuration changes dictated. Optimization of weight was not pursued as dili-
gently for the flight propulsion system as it would be in the development of
an engine for ultimate production. A comparison of weight evolution for the

, flight propulsion system against the weight of the JTgD-7A reference engine
• scaled to the flight propulsion system airflow size is presented in Figure

50. Neither the scaled JT9D-TA reference engine nor the flight propulsion
system weight in this comparison includes the nacelle and associated sub-
systems. The current design of the flight propulsion system is estimated to
be 1.9 percent heavier than the scaled JT9D-7A; whereas, the weight of the in-
itial design was estimated to be 2.5 percent lighter than the JT9D-7A.

Several factors have caused the weight of the flight propulsion system to
_ change as the design has evolved. The weight increase between the initial de-

sign and May 1979 was caused primarily by revision of the fan hub to accommo-
date blade loss, incorporation of a vortex plate to improve the tangential
on-board injection system, and high pressure rotor bearing and support changes
to improve rotor vibration control. An additional weight increase was in-
curred between May 1979 and October 1979 because of an increased diameter No.
I bearing required for thrust balance, a longer high-pressure compressor with
modifications for reduced aerodynamic risk, the addition of seals to the
highand low-pressure turbines for thrust balance, and a redesigned turbine in-
termediate case for increased axial loading. A weight reduction was exper-
ienced between October 1979 and the current design, despite design revisions
which increased weight. This weight reduction was primarily the result of in-
corporating a shrouded fan blade in place of the heavier shroudless blade con-
figuration. Other design revisions offsetting weight include the addition of
a viscous damper to the No. 5 bearing, recontouring of the diffuser struts to
take increased blow-off loads, and increased penetration along with additional
lobes for improved exhaust mixer performance.

The initial nacelle design weight was reduced by substitution of graphite
polyimide honeycomb for aluminum brazed titanium honeycomb in the tailpipe.
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ORIOINAL_.,nrvPAGE$_ TABLE46
OF pOOR _U_l, - FPS FUELCONSUMPTIONANDT_UST COMPARISON

AERODESIGNPOINTI MAXIHUMCRU)SE2 TAKEOFF3
Initial Current Initial Current Inltlal Current

Thrust SpecificFuel Consumption
kq/hr/kg
Unlnstalled 0.2497 0.2487 0.2580 0.2587 0.1492 0.1483
Installed 0,2612 0.2610 0.2689 0.2703 0.1505 0.1499

Thrust - N
Untnstalled 39967 39744 44570 44304 160935 164694
Installed 38076 37742 42,635 42280 158378 162047

0ff-DesignOperatlnqCondi_ons:

(1) MaximumCruise- 10675m (35,000ft), 0.8 Mn, StandardDay
(21 MaximumClimb - 10675 m (35,000ft), 0.8 Mn, Standard Day + 10°C (18°F)
(3) Takeoff - SLTO, 0 Mn, Standard Day + 13.g*c {25_F)

F
* Values shownare after thrust size of initial engine design was downstzed 12 percent.

NACIEI.I.E NOT INCLUOED

mEF2REI_E6 AmFLOW_aUJED_l_TA EN¢_I_J

"IX)WN$IZED12%IN_ FORcONSISTENCYWITHCURRENTSIZE

4

Figure 50 Fltght PropulsionSystemWeight Evolution
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i
+ 4.14,3 Manufacturing Cost/MaintenanceCost
.
S

Flight propulsion system manufacturing and maintenance cost estimates were up-
dated at the same intervals as weight updates. These updates were made as de-
sign and configuration changes dictated. For similar reasons as weight, opti-
mization of manufacturing and maintenance costs was not pursued as diligently
for the flight propulsion system as it would be in the development of an en-
gine for ultimate production. The evolution of tnese costs for the flight
propulsion system compared to those for the JT9D-7A reference engine scaled to
the flight propulsion system airflow size are shown in Figures 51 and 52.
Both manufacturing cost and maintenance cost are directly compared in terms of
1977 dollars, the economic base for the initial design. Current manufacturing
cost of the flight propulsion system is estimated to be 0.4 percent higher
than the scaled JT9D-7A, compared to the initial design being 1.8 percent
lower in cost. The current flight propulsion system maintenance cost is es-
timated to be 5.4 percent lower than reference engine maintenance cost;
whereas, the maintenance cost estimated for the initial design was predicted
to be 5.3 percent lower.

Manufacturing and maintenance cost trends, as the flight propulsion system de-
+ sign has evolved, are quite similar. Several factors are responsible for

these cost trends. The design and configuration changes most significantly
;nfluencingthe increase in costs between the initial design and the _ay 1979
status were the incorporation of a vortex plate, changing the rear high-

+- pressure compressor seal from a wide channel to a 9 knife edge labyrinth con-
figuration and changing the high pressure rotor bearing and support. Addi-
tional cost increases were incurred between May 1979 and October 1979 because
of an increase in high-pressure compressor length, several changes in the com-
bustor liner segments, the addition of seals to the highand low=pressure tur-
bines and a revised assessment of requirements for the fabrication of parts
from titanium=aluminide material. Substantial manufacturing and maintenance
cost improvements were experienced with the current flight propulsion system
design relative to the October 1979 definition because of the incorporation of
a shrouded fan blade in place of the shroudless blade configuration.

+ 4.14.4 Airplane Performance and Economics

i Flight performance and operating economics of future commercial airplanes
using the flight propulsion system have been assessed in order to measure the

i capability of the flight propulsion system to meet the goals established for
i the program by NASA. These goals consist of a twelve percent reduction in

thrust specific fuel consumption, a five percent reduction in direct operating
_st, and a fifty percent reduction in performance deterioration relative to
)_+eJTgD-7A reference engine. Additional goals include meeting both FAR Part
36 (1978) noise rules and EPA proposed Ig81 exhaust emissions standards.

g7

L ......... -.....

1985002639-117



" ' " JJ' ' I'- _ L3

t
Ftguce 51 F11ght Propulsion SystemHanufacturtn9 Cost Evolution

IREFERENCE IS AJfl_OW._J_.ED J130-TA ENGINe

_IOOWNS_ED 12% IN AJflR.OW _ CONP_'11ENCY WITH CUMBTr SI_

CO6T IS IN 117/DOt13_

i

3.-

I i t .irj ,. t, o,. Z:_ L_

•, i
t Ftgure 52 Fltght Propulsion SystemP_tntenance Cost Evolution

l

98,d
J

're _ "'" i

1985002639-118



I The originalevaluationwas conductedduring the initialdesignphase of the
flight propulsionsy._tem. Boeing, Douglas, and Lockheed assisted in that
evaluation,resultsof which are publishedin Reference2. That evaluation

,_ consistedof alrplane-mlsslonanalysesof the fllght propulsionsystem and
[ JTgD-7Areferenceenginein seven of the eight airplanesshown in Table 47.

An eighthairplane,the 150-passengertwin, was added to the currentanalysis
becauseit has becomea market factorsince inceptionof the EnergyEfficient
Englne program.

The currentevaluationwas conductedutilizingtrade factorswhich were de-
rivedfrom the initialevaluationand used to determinethe effectsof changes
to the flightpropulsionsystemon the fuel burnedand directoperatingcosts
of all the airplanes. This methodwas deemedaccurateenough to accommodate
the relativelysmallchanoesinvolvedin thisupdate.

lAdLE 47

ENERGYEFFICIENTENGINEAIRPLANEDEFINITIONS

DOMESTIC
)

i (Current
Updat(On'iy)

Pratt& Pratt&
B__oelng Doui)las Lockheed Whitnej/ Whltnejt )

T

Type Twin Trljet TrlJet Trijet Twin
In ServiceDate IggO's 1990's IggO's 1990's 1990's
DesignRange- 3700(2000) 5560(3000) 5560(3000) 5560(3000) 2775(1500)
km (nm)

Passengers 196 458 500 440 150
Crulse Speed - Mn 0.80 0.80 0.80 0.80 O.78

INTERCONTINENTAL

Dougla_s Lockheed P&iVA

Type Trljet QuaclJet Quadjet
In Servlce Date 1ggO's 1990's 1g90's
DesignRange-km (nm) 10190(5500) 12040(6F00) lOlgO(S500)
Passengers 438 BOO ,_I0
Crulse Speed - Mach No. 0.8 0.8 0.8

9g
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Weight, price, and maintenance values used for the flight propulsion system in
the origtnal atrplane p_rfo_ance and economic evaluation (Reference 2) re-
present interim levels prior to completion of the tnittal design. They are
the levels presented at the Energy Efficient Engine Preliminary Design Review
held in September 1978, adjusted for the mounting of atrframe and engine ac-
cessories on the core. These levels were estimated prior to completion of the
lntttal designs of the fan and combustor. Weight, price (in terms of manu-
facturing cost), and maintenance cost throughout the rest of thts report are
for the flight propulsion system as defined at the completion of the tnfttal
designeffortsfor all components.

i Manufacturingand maintenancecost economicbases have been updatedfor the
current evaluatlo_. The initial evaiuatlonwas in terms of 1977 dollars,
whereasthe currentevaluationreflects1980dollars.

A summaryof flightpropulsionsystemvalues used in the originaland current
airplaneperformanceand economicevaluationsis presentedin Table 48.

TABLE48

FLIGHTPROPULSIONSYSTEMSUMMARY _
(Referencesare Airflow-ScaledJTgD-7_Engine)

t

I

OriginalPropulsionSyster,/ Current i
AircraftIntegrationEvaluation Evaluation ir

(

EconomicYear Pollars 1977 19_0
AlrflowSize- % Base _.0
ThrustSpecificFuel Consumption(ADP) -14.9 -15.0
EngineWeight- Percent -7.6 -1.9
NacelleWeight - Percent -12.S -13.4
EnginePrice - Percent -4.7 -4.7 :
NacellePrice- Percent -12.9 -13.4
MaintenanceCost - Percent -4.6 -4.6

Nacelleerice has been assumedto be a functionof nacelleweight conslstent
with the appropriatelevel of technology. The rapid escalationof cost for
advancedmaterialsover the last few years has causedengineprice to increase
rapldlyand has acceleratedthe flightpropulsionsystemprice comparedto the
JTgP-7Abecauseof the flightengine'suse of advancedmaterials.
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4.14.4.1 FuelBurn OF POOR QUALIIY

Althoughit is not a program goal, the original analysis _*elatlveto fael

burned has been updatedbecauseof the significancethis parameterhas in in-
dicatingdirectchange in aircraftfuel consumption. Resultsof the current

evaluationare shownin Figures53 and 54 for the design_nd typical(average)
flightstagelengthsand load factors,respectlvely.Fuelburn advantagesre-

i latlveto the JTgD-7Areferenceenginewere estimatedby Pratt & Whib_eyfor
eachof the airplanesdescribedin Table 45, usingthe basic flightpropulsion
systemdata summarizedIn Table 46. The resultswere correlatedwith the de-

I sign fuelweightfraction(designfuelweight/takeoffgross weight).

REFERENCESARE JTgO-7AENGINE IN SAME STUDY AIRPLANE

DESIGN RANGE MOO - _ NM
_o - sTol 5suK-u

16 -

Q: :,

z

- _ 10 i'
i

L

w !

2 !
t

I I I I I
o.ls o=o o_s oJo o_ _4o

DESIGN FUELWEIGHT FRACTION,DES, FUELWT.

Figure53 CurrentFlightPropulsionSystemFuelBurn Advantage-
Design Missions

Trade factoranalyslsof the currentf11ghtpropulslonsystemcomparedto the
JTgD-7Areferenceengineshowed that the averagefuel burn advantagefor the
flightpropulsionsystemhas decreasedfrom 17.4 percentto 17.2 percentfor
intercontinentalairplanesand 16.5 percentto 16.3 percentfor domesticair-
planes. The loss in fuel burn advantagewas minimizedbecausethe small galn
In thrustspecificfuel consumptioncoupledwith the small decreasein rela-
tivenacelleweighthelpedto offsetthe relativeenginewelghtincrease.

4.14.4.? DirectOperatingCo._t

For the currentevaluation,economicgroundrulesand equationswere updatedto
lgBO levels from the !977 levels used in the original evaluation. These new
groundrulesand equationsare presentedin Tables 49 and 50, respectlvely.
Since projectionof fuel prices for the 1990 tlme period has an inherent
degree of uncertainty,three price levelswere evaluated:$1.00, $1.50, and
$2.B(_ per 3.78 11ters(I.0U.S. gallon).
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REFERENCES ARE JTgD-7A ENGINE IN SAME STUDY AIRPLANE
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Ftgure 54 Current Flfght Propulsfon System Fuel Burn Advantage -
Typical Htsstons

TABLE49

GROUNDRULESFOR CURRENTFLIGHTPROPULSIONSYSTEM
ECONOMICANALYSIS- DIRECTOPERATINGCOST (DOC)

CrewCost* 1980updateof lgilBoeing
Fuel** $1.00, $1.50and $2.50per 3.78 !iters(1.0 U.S.

gallon)in 1980money
Aircraft
Price* PWA 1980
Utilization* 1980updateof 1977Boeing
BlockTime* 1980updateof ]977Boeing

Insurance*** 0.5 percentflyawayper year
AirframeMaintenance* 1980updateof 1977Boeing
MaintenanceBurden*** 200 percenton labor
Depreciation*** Straightline,15 years to 10 percentresidual
Spares Airframe6 percent

Engine30 percent
EngineMaintenance*** Matureengine,no immaturitybump,no derate
YearDollars** 1980

* - Differentfromoriginalgroundrules(SeeTable50 for equc_Cgns/
explanations

** - Differentfromoriginalgroundrules

-** - No changefrom originalgroundrules

1o2
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TABLE 50

ECONOMICEQUATIONSFOR CURRENT
FLIGHTPROPULSIONSYSTEMECONOMICANALYSIS

Crew Cost(l) Domestic = (40.0Fw + 33.98)Fu+53.30
International= (26.5Fw + 273.1)Fu+89.1
(Fw and Fu are from 1977BoeincMethod)

•. AircraftPrice 0.6435 x 106 (airframe)

+I.287 (0.0089(numberseats)- 0.315)x 106 (_urnishings)
+I.287(0.0022(numberseats)+ 1.81)x I06 (avionics)

Utilization Constanttrips/yearas functionof range
(3200@ 463 km (250nm),2200@ 926 km (500i1m_,1400@ 1852km
(lO00nm),850 @ 3704 km (2000nm)

BlockTime Taxi Times- Domestic 14 minutes
International19 minutes

Airframe Material= 0.333 (WAF/IOOO)/BIGckTime
Maintenance(1)(2) + 0.267 (WAF/IO00)

Labor = 0.07345(WAF/lOOO)O.7908/BlockTime
+ 0.2048(WAF/IO00)0.595 x LaborRate

Fu = Utilizationfactor
Fw = Grossweight/speedfactor

i WAF = AirframeWeight(whichis equalto operatingweight (empty)minus
engineweight)

(l) Costs in dollarsper blockhour
(2) LaborRate (Direct)= 12.50/hr.
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Figures55 through60 show currentdirect operatingcost advantagesfor the
flightpropulsionsystemat the designand typlcalmissionsfor the three fuel
price !evels. Direct operatingcost generallyfollowsthe trends indicated
for fuelburned,as shown in Figures53 and 54. These figuresprovidean in-
dicationas to the importancefuel consumptionhas at the high fuel price
levels.Comparingthe currentdirect operatingcost resultsto the original
estimatesamplifiesthis point further. The originalevaluationwas conducted
in 1977 dollarsat fuel pricesof $.40/3.78liters (1.0 U.S. gallon)for do-
mesticairplanesand $.45/3.78llters (I.0U._. gallon)for internationalair-
planes. Expressedin 1980 dollars,these fuel priceswould be in the $.55 to
$.65/3.78liters (l.O U.S. gallon)range,significantlylower than the prices
projectedin 1980 dollarsfor the 1990 time period and used in the current
evaluatlcn.A comparisonof directoperatingcost reductionsfor domesticand
internationalairplanesalong with the overall airplane/missionaverage is
sho_ in Table51 for the originaland currentevaluations.The trend,as the
designevolved,is shown in Figure61. The programgoal of 5 percentdirect
operatingcost advantagerelativeto the JTgD-7Areferenceengineis seen to
have been exceeded by a comfortablemargin in all airplane-missioncom-
binationswith the flightpropulsionsysteminstalled.

TABLE51

AVERAGEDIRECTOPERATINGCOSTCOMPARISON
(Referencesare JTgD-7AEnginein Same StudyAirplane)

L AverageDirectOperatin_CostReduction- Percent

OriginalEvaluation CurrentEvaluation
1977Dollars 1980Dollars
$.40-$.45" $1.00* $1.50* $2.50*

Domestic Airplanes
DesignMissions 7.9 9.0 I0.5 12.3
Typlcal Mis3ions 7.2 8.4 9.9 II.6
Combined _issions 7.6 8.7 10.2 12.0

InternatlonalAirplanes
' DesignMissions 10.4 12.1 13.6 15.3

TypicalMissions 9.3 ll.3 12.5 14.2
Combinedm;;ssions 9.8 II.6 13.1 14.7

OverallAirplanes/ 8.5 9.8 II.3 13.0
Missions

*per3.78 liters(1.0U.S.gallon)
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Figure 55 Current Flight Propulsion SystemDirect Operating Cost i
:. Advantage - Design Missions, $1.00/3.78 Liters

(I.0U.S. Gallon)Fuel Price

REFERENCESARE JT9D-7A ENGINEIN SAME S.11JDYAIRPLANE
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Figure 56 Current Flight Propulsfon SystemDfrect Operating Cost
Advantage - Typical Htsstons, $1.00/3.78 Liters
(1.0 U.S. Gallon) Fuel Price
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Figure 57 Current F11ght Propulslon System Pirect Operating Cost
" Advantage - Design Missions, $1.50/3.78 Liters
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4 Figure 58 Current F11ght Propulsion System Direct Operating C_st
Advantage - Typical Missions, $1.50/3.78 Liters
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4.14.4.3 PerformanceDeterioration

Initialestimatesof performancedeteriorationwere not specificallyupdated
either during or followingcompletionof the detailed component designs.
However,performanceretentionwas a primaryrequisitethroughoutthe detailed
designeffort,as discussedin Section4.13.3of this report. Therefore,the
EnergyEfficientEngine programgoal of 1.5 percentthrustspecificfuel con-
sumptiondeteriorationin a fOOD flight cycle (50 percent less than JT9D-7A
referenceenginedeterioration)shouldbe accomplished.

4.]4.4.4 Noise

The flightpropulsionsystemnoise was reassessedto evaluatethe currenten-
gine configurationwith its statusperformanceusing a revisednoise predic-
tion procedure. The airplane used was the Pratt & Whitney international
quadjet,which was not changedin definitionrelativeto the originalevalua-
tion. This reassessmentwas initiatedbecausea reviewof the originaleval-
uation indicatedthat the referenceJTgD-TAengine-poweredairplanehad a re-
lative altitudeadvantageover the flight propulsionsystem at the takeoff
noisemeasuringstation.
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Reassessment results showed that noise was reduced at each of the measuring _
stations comparedto the or4gtnal evaluation. Table 52 compares the current !
evaluation results to those of the original, while Tahle 53 compares th_ new
results to the Energy E_flclent Engine program goal (Figure 62 compares to •
both).

i

TABLE52

FLIGHT PROPULSIONSYSTEMNOISE ESTIMATE COPPARISON
(P&W International Ouadjet)

: FAR Part 36 (1978) Original Goal Current Eval. Improvement
Condttt on FPNdB EPNdB EPNdB

Takeoff 107.9 100.9 2.0
Approach 103.9 103.8 O. l
St del tne 95.5 94.9 O. 6

TABLE 53

CURREI_TFLIGHT PROPULSION SYSTEM NnTSE COMPARISON WITH PROGRAM GOAL
(P&W International Ou_djet)

FAR Part 36 (1978) Program Goal Cur.-enL Eva1. Margin
Condttt on FPNdB EPHdB EPNdB

Takeoff 105.1 100. o -4.2
Approach 105.0 103.8 -1.2
St del tne 102.3 94.9 -7.4

These noise improvements resulted from the combination of updated flight pro-
pulsion system and airplane performance, and the updated noise prediction
system. Of the 2.0 improvement in engine perceived noise decibels (EPNdB) at
takeoff, l.l EPNdB was caused by an optimization of the quadjet performance.
A 45 meter (150 foot) altitude increase over the noise station resulted from
higher rated takeoff thrust associated with general component performance im-
provements compared to the initial evaluation. The remainder of the takeoff
improvement,0.9 EPNdB, resulted from the new noise prediction procedure and a
1.6 percent reduction in exhaust nozzle velocity relative to the original
flight propulsion system definition. Hardwall noise at approach was lower
because of a combination of factors. However, when the current acoustic
treatment dtta were applied at approach, inlet attenuation was less than p_e-
dicted in the original evaluation. Consequently, only a minor net improvemet_t
in approach noise level was realized.
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The incorporation of the shrouded fan blade in place of the shroudless con-
figuration resulted in the current noise evaluation update accounting for 36
fan blades; whereas, the original evaluation was done for the 27 blade con-
figuration that existed at that stage of the initial design effort. The fan
tone noise source most likely affected by this increase in blade number is the i
blade wake-exit vane interaction. The current 36 blade fan would be expected
to produce a greater number of propagating modes. This increased potential
for interaction is not, however, expected to be a major source of blade
passing noise because of the large axial separation between the blades and
vanes. The dominant noise source is still projected to be the interaction
between the blades and the p)lon, which should not be affected by the blade
count. A resulting blade passing frequency change was also projected to have
a minimal impact on the effective perceived decibel noise level of the flight
propulsion system.

The data base formed in a current noise assessmentfor the integrated core/low
spool was used to define updated _oustic treatmentrequirements. Although
these requirementswere determinedfor the integratedcore/lowspool,the re-
sultsare consideredapplicableto the flightpropulsionsystembecauseof its
clos_ similarity. Definitionswere obtained by scaling from an extensive

arrayof treatmenttest resultsto accountfor differencesin airfoilnumbers, I

speeds, and geometries. The treatment locationsconsidered are shown in
Figure63.
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Figure 63 Fllght Propulslon System Acoustlc Treatment Locations

_ A brief ir,vestigation was conducted to determine the implications of elimina-
ting some sections of the acoustic treatment. Included in this consideration
was the treatment on the fan duct walls of the compressor intermediate case

(_ (location D), pylon strut and lower bifurcation walls (portion of location H),
tailplug (J and portion of K), and tdilpipe (I, portion of K, and L). The
only relatively insignificant contribution to noise reduction was deemed to bef

| that of the compressor intermediate case duct endwalls. Because its cost was
estimated to be lO percent of the total case cost, the treatment was deleted
in this location.

i

J

Acoustic treatment definitions resulting from the update analysis are sum-
marized in Table 54. Several changes in treatment requirement occurred rela-
tive to the initial design definition. These differences are compared in
Table 55. Changes in inlet, fan case, and fan duct treatment thicknesses were
caused by revisions in the number of fan blades (27 to 36), a slight reduction
in low pressure rotor speed, a 6.2 percent dimensional downsizing, and a re-
finement in treatment capabilities based on recent test experience. Design
changes made during the detailed design effort did not impact acoustic treat-
ment requirements in the remaining portions of the nacelle.
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:_l TABLE54

CURRENTNACELLEACOUSTICSTREATMENTDEFINITION SUMMARY

Honeycomb. Face Sheet
Flow Resistance Effective

General* Cell-Size Depth or HOle Diameter Thickness Treated Area
Location Construction (cm) (cm) Skin Porosit@,, (cm, (cm) sq.m. (sq.ft.)

A & B DynaRohr(I) .952 2.54 82 Ray1_ - 7.27 (78.2)
C OynaRohr(1) .952 2.22 60 Rayls - 3.82 (41.1)
E DynaRohr(1) .952 2.22 60 Rayls -
F DynaRohr(l) .952 2.22 60 Rayls - 14.38 (154.6)
G DynaRohr(I) .952 2.22 60 Rayls
H DynaRohr(1) .952 2.22 60 Rayls - 10.37(111.5)(2)
I PP/Bonded HC** .952 1,52 8 Percent 0.127 0.063/0.081 2.80 (30.1)
j PP/Brazed HC** .gs2 1.39 13 Percent 0.203 0.063 1.21 (13.0),_,
K PP/Brazed HC** .952 1.11 8 Percent 0.203 0.063 5.77 (62.0) _aJ
L PP/BrazedHC** .952 2.15 11 Percent 0.238 0.063 3,97 (42.?)

NOTES: (1) AI| DynaRohrdesignshave the followingparameters:
o Thicknessof perforatedplate = 0,063-0.076cm
o Hole diameterof perforatedplate = 0.127 cm
o Open area of perforatedplate = 34 percent

(2) Includes2.95 sq. m. in upper and lower bifurcations

(3) Includes2.01 sq, m. in the I.D. wall _nd 3.76 sq. m. in the O.D. wall

* - Refer to Figure 63
** - PP = PerforatedPlate, HC = Honeycomb

TABLE 55

- ACOUSTIC TREATMENT DEFINITION COMPARISON

Ger;_ralLocation* Treatment Depth - cm fin)

Initial Design Current Design

Inlet (A/B) 3.33/5.08 (1.33/2.00) 2.54/2.54 (l.O0/l.O0)
Fan Case (C) 2.28 (.90) 2.22 (.875)
Fan Duct (E_F+G+H) 2.66 (l.05) 2.22 (.875)
Tai,pipe (I/_'/L) 1.53/I.12/2.15 (.60/.44/.85) 1.53/].12/2.15 (.60/.44/.85)
Tailplug (J/K_ 1.40/1.12 (.55/.44) 1.40/1.12 (.55/.44)

*Refer to Figure 63

4.]4.4.5 Emissions

Flight propulsion system emissions levels were reassessed to evaluate the ef-
fects of the currently projected combustor design configuration. This re-
assessment was based on the results accumulated from multiple bui]ds of the 90
degree sector rig tested under the Energy Efficient Engine Sector Combustor
Rig supporting technology program (Reference 16). Results from the testing of
the fu]l annular combustor component in the pregram were included as confir-

,, _ mation of the projected trends.
i
I

.
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A comparisonof currentlyprojectedflight propulsionsystem emissionsand5
programgoal levelsis presentedin Table 56. Also includedin this compari-

I son are emissionslevelsestimatedfor the originalpropulsionsystem/aircraft

integrationevaluationand the initialdesign. Emissionsshown includeal-
lowancesfor engine-to-enginevariability,deterioration,and developmentmar-
gins.

The comparisonshows that, exceptfor smoke number,the currentestimatesare
in reasonablyclose agreementwith previousestimatesfor flight propulsion
systemexhaustemissions. Smoke was essentiallyeliminatedwith the advanced
main zone fuel injectionsystem design. Hydrocarbonand carbon monoxide
emissionsare projectedto be 20 percentand 40 percent,respectively,better
than the programgoals. The nitrogenoxidesestimatemisses the goal by over

! 40 percentbut remainssubstantiallybelowcurrentproductionenginelevels. _

TABLE 56 i

FLIGHTPROPULSIONSYSTEMEXHAUSTEMISSIONSCOMPARISON

198l Original Initial Current i
EPA Goal EvaluationDesign Design i

4

TotalHydrocarbons(THC)- EPAP* 0.40 0.20 0.20 0.2
i CarbonMonoxide(CO)- EPAP* 3.0 2.0 1.7 1.8

NitrogenOxides(NOx)- EPAP* 3.0 4.3 4.6 4.3 i

SmokeNumber 20 20 20 4
i

*EPAP= EnvironmentalProtectionAgencyParameterin kg. of pollutant/ >
4,448N (lO00 Ib)thrust/hr./flightcycle

1

4.14.4.6 DesignGoal Summary

The definitionof the flight !_ropulsionsystem has been periodicallyupdated
as specific program technicalobjectiveshave been met. These updates of
systemcharacteristicswere discussedin the precedingparagraphsin this sec-
tionof the reportwhere they were comparedagainstthe scaledJTgD-TArefer-
enceengineand the EnergyEfficientEngineprogramgoals. A summaryof these
comparisonsis presentedin Table 57. Results from the propulsionsystem/ i
aircraft integrationevaluationsare also included. Economic years, fuel
prices,and flight propulsionsystem sizes are indicatedfor each design up-
date and representthe basisfrom whicheach specificanalysiswas done.

The comparisonclearlyshows that Energy EfficientEngine programgoals have
been met throughoutthe preliminarydesign effort, with the exceptionof
emissionsof nitrogenoxides. Early weightand manufacturingcost advantages
relativeto the JTgD-7Ahave disappeared,and the current flight propulsion
systenlis heavierand more costly than the reference. The early maintenance
cost advantagefor the flightpropulsionsystemhas continuedthroughout.
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4.15 CONCLUDING REMARKS

Completion of the fina| analysis and design update of the flight propulsion
: system concludes a major effort under the Energy Efficient Engine program.

Design updating conducted in conjunction with detailed analysis and design of
the integrated core/low spool, component testing, and supporting technology
portions of the Energy Efficient Engine program verified the feasibility of
the flight propulsion system preliminary design. Listed below are some of the
more salient results evolving from the ccmpleted evaluation which indicate
that the flight propulsion system, as designed, is capable of meeting all de-
sign goals except for the oxides of nitrogen emissions standard.

o A 15.0 percent thrust specific fuel consumption relative to that of the
JT9D-7A reference engine is currently estimated, which surpasses the pro-
gram goal of 12 percent for newly installed engines. In addition, a re-
configuration of the flight propulsion system based on trades reflecting
the substantial increase in fuel prices since the initiation of the Energy
Efficient Engine program resulted in a configuration with a thrust spe-
cific fuel consumption reduction of 20 percent relative to the JT9D-7A re-
ference engine (see Section 5.0). Continuing analysis confirmed that per-
formance deterioration can be reduced by 50 percent or more compared to
the JT9D-TA.

o An average direct operating cost reauction of 11.3 percent for a i
$1.50/3.78 liters (1.0 U.S. gallon) fuel price in terms of 1980, relative i
to the JT9D-7A, is currently projected. This reduction far exceeds the !
program goal of 5 percent.

i

o Predicted noise levels for the flight propulsion system installed in the
study airplanes are currently estimated to meet FAR Part 36 (1978), the
program goal, by margins of up to 3 to 5 EPNdB, sufficient to provide a
high probability of compliance with the rule.

o Exhaust emissions of carbon monoxide, total hydrocarbons, and smoke are
currently projected to surpass the program goals, which are EPA proposedt
1981 regulations. Analysis continues to indicate, however, that nitrogen

oxides emissions do not meet the program goal; but they are substantially
lower than current production engine levels.

o Weight and manufacturing cost have increased as the preliminary design of
the flight propulsion system has evolved. Substantial improvements in '
materials and structures technologies dre required in conjunction with in-
tensive control during detailed analysis and design efforts to achieve a
production engine design without these penalties.

Overall, the advanced technology contained in the flight p_opulsion system
will have wide application in future generation gas turbine engines, as well
as advanced derivatives of current commercial engines. In addition, a majcr
portion of the technology d(;velopedunder the current Energy Efficient Engine
program is being incorporated into the maximum efficiency engine discussed in
the following section of the report.
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SECTION5.0
MAXIMUMEFFICIENCYENERGYEFFICIENTENGINEDESIGNUPDATE

5.1 INTRODUCTION

This sectionof the reportprovidesa generaldescriptionof an advancedtech-
nology baseline reference engine, known as the Maximum EfficiencyEnergy
EfficientEngine (ME_), by presentinginformationdescribingthe systems's
overallcycle definition,componentdesign status and a brief descriptionof
potentialbenefitsas comparedto the EnergyEfficientEngine flight propul-
sion system.This baselineengine was defined in conjuctionwith an ongoing
benefit/coststudy being conductedunder Task I, of more advancedfuel saving
technologythan that being developedin the currentEnergy EfficientEngine
program. This baseline engine represents a reoptimizationof the Energy
EfficientEnginedevelopedtechnologyand not an extentionof the technology
base. It was found necessaryto reoptimizethe EnergyEfficientEngineflight
propulsionsystemin order to establisha baselineenginefor the benefit/cost
studieswhich would more properlypresentthe benefitsfor the advancedtech-
nologiesbeingconductedin the benefit/coststudy.

5.2 ENGINEDESCRIPTION

5.2.1 GeneralDescription

With the dominantinfluenceof fuel costs affectingcurrentairlineoperating
economics,the baseline ME4 referenceengine includes a high bypass ratio
cycle and features high-efficiencycomponentsdesignedto substantiallyim-
prove fuel economy and direct operating costs. Performance improvement
changesfor the baselinereferenceengine,as comparedto the flight propul-
sion system, includea higher bypass ratio single-stagefan with a larger
diameter(7.6 cm (3.0 in)), a four-stagelow-pressurecompressor,e ten-stage
high-pressurecompressorwith reducedaxial gapping,a sinlplerone-stagecom-
bustor to meet proposed or projected emissions requirements, and two
additionalturbinestagesfor a suhstantialimprovementin componentefficien-
cies (see Figure64). The engine installedin a mixed exhaustnacellesystem
is shown in Figure65. Mountingfor the engine is the same as for the flight
propulsionsystemwith front thrust links situatedat the engine centerline
horizontallyand the rear mount system located at the front of the
low-pressureturbine. Flight loads are sharedbetweenthe engineand nacelle
structure. This advancedpropulsionsystem is aimed at providingexcellent
fuel efficiencyanJ operatingeconomicswhile meeting EPA-imposedenviron-
mentalregulations.It is estimatedthat this enginewill providean improve-
ment of five percentin cruise thrust specificfuel consumption(TSFC)rela-
tiveto the flightpropulsionsystem.
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" 5.2.2 OverallCycle

Engine overo;_ pressure ratio and turbineinlet temperaturelevels of the
flight propulsion system were held fixed to be consistent with Energy
EfficientEngine_.terialsand cuolingtechnology. However,bypass ratio was
re-examineddue to higher 1981 fuel pricescomparedto the 1977 prices used
when the flight propulsionsystem was configured. Fuel prices ranged from
40-45cents per 3.78liters (I.0 U.S.gal_on)in 1977,while a _,orerepresent-
ativelevelof $I.50/3.78literswas used in the 1981 study.

Resultsof both the 1977 and 1981 study are summarizedin Figure 66. This
summarizationis in terms nf fuel efficiencyand directoperatingcost trends
as functionsof bypass ratio for an advanced 5,556 km (3000 nm) domestic
trijet and a I0,186 km (5500 rim)intercontinentalquadjet. Fuel burned
trends,independentof cost, reflectonly the propulsionsystem performance
and weight as the bypass ratio wa_ varied. Therefore,the results are the
same for both studies. Study resultsindicatea bypass ratio of 7.5 would
minimize fuel burned. The study results for direct operatingcost (DOC)
changeddramatically. In the 1977 study, fuel costs accountedfor approxi-
mately one-thirdof the direct operatingcost with the remainingtwo-thirds
consistingof crew, depreciation,insurance,and maintenancecosts. With the
$I.50/3.78liters(1.0U.S. gallon)fuel price,fuel costs becameincreasingly
important,accountingfor over 50 percentof the directoperatingcosts. The

: bypass ratio needed to minimize directoperatingcosts shiftedfrom 6 to 7.
Thispermitteda selectionof the bypassratioto be madewithoutsignificantly
tradingfuel efficiencyand directoperatingcost while compromi3ewas neces-
saryin the 1977 study.

The overallcyclesselectedin the two studiesare summarizedin Table 58. As
mentionedpreviously,the overallpressureratio and combustorexit tempera-
turewere held constantto be consistentwith Energy EfficientEnginemateri-
als and coolingtechnology. The only differenceis a 10 percenthigher by-
pass ratioselectedin the 1981study.

TABLE 58

CYCLEDEFINITION(1977AND 1981 STUDIES)
(AerudynamicDesignPoint:10675m (35,000ft),0.8 Mn, HaximumCruise)

FlightPropulsion MaximumEfficiencyEnergy
• S_,stem(1977) EfficientEnglne(1981)

BypassRatlo 6.5 7.2
1 OverallPressureRatio 3_.6 38.6

i CombustorExltTemperature(°C) 1268 1268
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5.3 ENGINECOMPONENTAERODYNAMICDESIGNUPDATE _;

T:

Engine componentswere modifiedrelativeto the flight propulsionsystem to
accom_date the higher bypass ratio cycle. Individualcomponentswere re-
viewed and updatedbased on informationobtained from the Energy Efficient
Engineprogram,as well as other independentstudiesat Pratt _ Whitney. The _
followingparagraphspresentspecificinformationdetailingthe variationsde-
finedfor the individualcomponents.

c, 5.3.1 Fan/Low-PressureCompressor

The higherbypassratio fan was configuredat a lower pressureratio and lower
tip speed deslancomparedto the flight propulsionsystem. A comparisonof
flight propulslonsystem and ME4 aerodynamicdesign parametersis shown in
Table 59.

i_ TABLE 59
r

FAN AERODYNAMICCOMPARISON
(AerodynamicDesignPoint:10675m (35,000ft), 0.8 Mn, StandardDay)

FlIghtPropulslon MaximumEfficiency
S_ystem Engine

CorrectedTip Speed - m/sec (ft/sec) 455 (1496) 441 (1450)
CorrectedAirflow- kg/sec (Ib/sec) 6?2 (1373) 679 (1498)
PressureRatio (DuctSection) 1.74 1.65

(CoreSection) 1.56 1.50 ;
BypassRatio 6.51 7.20
Tip-to-TipDiameter- cm (i_) 206.7 (81.3) 215 (85) ;
SpecificFlow (kg(Ib)/sec/mz Ig.._(43.0) 19.5 (43.0) '

' InletHub/TipRatio 0.340 0.340
: AspectPatio (Blade) 4.00 4.00

Duct ExitGuide VaneArea Ratio 1.075 l.Og5
Efficiency(ductsection) Base +0.6

(coresection) Base -0.5 i
SurgeMargin(%) Base +3.0 :
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The duct exit guide vane (DEGV)area ratio, i.e., the inlet area dividedby
the exit area, is increasedby two percenton the higherbypassratio fan to
reducethe inletMach numberand the aerodynamicloadingson the vanes. This
approachresultsin a lower pressureloss throughthe row. This counteredthe
adverseinfluenceof reducingthe pressureratio on fan efficiencyresulting
in an equalfan outerdiameterefficiencylevel.

Fan innerdiameterpressureratio was set by holdingthe root work coefficient
of the flight propulsionsystem. Since the fan is slowed relative to the
flight propulsionsystemfan, the inner diameterpressureratio is lower re-
sultingin the requirementfor a higherlow compressorpressureratio.

The higher pressureratio in the low-pressurecompressorrequiredthe axial
exit Mach numberto be raised in conjunctionwith exit elevationin order to
hold the same surge margin as the flight propulsionsystem. Table 60 shows
the effect of this modificationon efficiency;higher Mach number caused an
increase in compressibilitylosses resulting in a 0.80 percent efficiency
debit.

TABLE 60

LOW-PRESSURECOMPRESSORAERODYNAMICCOMPARISON
(AerodynamicDesignPoint:10675m (35,000ft), 0.8 Mn, StandardDay)

FlightPropulsion1 MaximumEfficiency
S_stem Engine

PressureRatio (Sta.3/2.5) 1.77 1.84
No. of stages 4 4
AverageAspectRatio 2.24 2.30
AverageGap/ChordRatio 0.84 0.930
AverageAxial Velocity-to-WheelSp_ed 0.720 0.860
InletSpecificFlow - kg(Ib)/sec/mL 16.1 (35.6) 16.3 (36.0)
AxialExitMach No. 0.370 0.430
Exit SwirlAngle 0 0
AverageDiffusionFactor(D-factor) 0.370 0.370
AverageWa_l StaticPressureDistribution0.320 0.290
No. of Airfoils 820 764
Efficiency(%) Base -0.8
SurgeMargin(%) Base Base

The resultantfan and low-pressurecompressorflowpath resultingfrom these
aerodynamicchoicesis shownin Figure67.
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r
5.3.2 CompressorIntermediateCase iw

The intermediatecase lengthof the flightpropulsionsystemwas set by struc- I
turalconsideration(inletguide vane chord,strutchord,axial gapping,etc.)
resultingin an aerodynamicallyunloadeddesign. However,in the maximumef-
ficiencyengine,the bearingcompartmentwas redesignedby placing the cen-
tering spring directlyunder the bearing. This resulted in an inlet guide
vane chord reductionand tightergappingbetweenthe strut and high-pressure
compressorrotor leadingedge,as shownin Figure68.

In order to take advantageof this length reduction,the intermediatecase
aerodynamicloadingparameterwas increasedto 0.40. Table 61 summarizesthe
aerodynamiccomparisonbetweenthe flight propulsionsystem and the maximum
efficiencyenginecompressorintermediatecases.

TABLE 61

COMPRESSORINTERMEDIATECASE AERODYNAMICCOMPARISON

FlightPropulsion MaximumEfficiency
SEstem Engine

LoadingParameter 0.05 0.40
Length- cm (in) 42.67 (]6.80) 39.49 (15.55)
StrutAxial Chord- cm (in) 25.90 (10.20) 27.43 (I0.80)
HPC IGVAxial Chord - cm (in) 4.06 (].60) 2.54 (1.00)
InnerDiameterRadialOffset- cm (in) 21.33 (8.40) 24.89 (9.80)

Figure69 correlateswall loadingwith length. If the loadinglcvel was kept
equal to that of the f]ightpropulsionsystem,the lengthwould have been in-
creasedby 10.9 cm (4.3 in). The flowpathfor the final selectedconfigura-
tion is shown in Figure70.

5.3.3 High-PressureCompressor

The high-pressurecompressorremainsaerodynamicallyunchangedfrom the flight
propulsionsystem. A length reductionof 7.3 cm (2.9 in) was achieved as
follows:

Removalof flowguides- cm (in) -1.77 (-0.70)
Incorporationof shorterbleedports- cm (in) -0.50 (-0.20)
Eliminationof variablevane provisionsin
stages9-15 (experimentalrequirement)-cm(in) -1.52 (-0.60)

Eliminationof excessivegaps - cm (in) -3.55 (71.40)

TotalReduction -7.36 (-2.90)

s 1

1985002639-145



The flight propulsionsystem and maximum efficiencyenergy efficientengine
high-pressurecompressoraerodynamicsare comparedin T_ble 62. The flowpath
of the shortenedhigh-pressurecompressoris shown in Figure71.

TABLE62

HIGH-PRESSURECOMPRESSORAERODYNAMICCOMPARISON
(AerodynamicDesignPoint:I0675m (35,000ft),0.8 Mn, StandardDay)

FlightPropulsion MaximumEfficiency
S_stem Engine

PressureRatio (Sta.3/2.5) 14.0 14.0
CorrectedFlow (kg/sec) 35.2 35.2
CorrectedTip Speed (m(ft)/sec) 379 (1245) 379 (1245)
No. of stages 10 10
InletHub/TipRatio 0.56 0.56
Exit Hub/TipRatio 0.924 0.923
AverageAspectRatio 1.52 1.52
AverageGap/ChordRatio 0.890 0.890
AxialVelocity-to-WheelSpeed (Cx/U) 0.56 0.56
Exit Mach No. 0.28 0.29
Reaction(%) 0.50 0.50
AverageDiffusionFactor(D-factor) 0.46 0.46
AverageWall StaticPressure 0.41 0.41
Distribution
Length- cm (in) Base -7.3 (-2.9)
Efficiency(%) Base 0

| _,_ ORIGINALPAGE 18
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5.3.4 Combustor

The combustorwas changedfrom the two-stagedesignof the flight propulsion
system to a single-stageaeratingdesign in Lhe maximum efficiencyengine.
This changewas made on the basis of a reviewof proposedor projectedemis-
sionsrequirementsdeterminedby the InternationalCivil AviationOrganization
(ICAO)and the EnvironmentalProtectionAgency (EPA). As shown in Table 63, a
single-stagecombustoris estimatedto meet futureemissionslevelsprojected
by bothorganizations.

The maximum efficiencyengine combustorcomponenthas a l.l percent lower
pressureloss than the flight propuls+onsystem. This benefit is primarily
due to the use of a straightwall difldserratherthan a curved-walldiffuser
as used in the flight propulsionsystefa.Also, a 3.3 cm (I.3 in) lengthre-
ductionwas shown as a resultof the adoptionof a smallerdiametertwo-stage
high-pressureturbinewhich reducedthe combustorcant angle. A comparisonof
flight propulsionsystem and maximumefficiencyengin_ combustorsis summa-
rized in Table64. The flowpathfor the maximumefficiencyengine is shown in
Figure72.
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TABLE64 !

COMBUSTORAERODYNAF;ICCOI_d>ARiSON

FlightPropulsio, MaximumEfficiency
S_,stem En_ine

Type Two-stageVorbix Single-stageAerat'Tng
LinerConstruction Segmented Segmented
OverallLength- cm (in) Base -3.3 (-1.3)

P/PT (percent) 5.5 4.4

5.3.5 High-PressureTurbine

A two-stage design was selected to replace the flight propulsionsystem
single-stagehigh-pressureturbine. The two-stagedesign incorporatedflight
propulsionsystemblade and vane trailingedge thicknesses. However,airfoil
loadingswere slightly lower along with an increasedAN2 and high%r mean
velocityratio (see Table 65). Higher velocity ratio and higher ANc along
with reducedturningand lower exit swirl are major contributorsto the 2.6
percentimprovementin efficiency. The flowpathof the turbine is presented
in Figure73.
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• Figure 73 High-Pressure Turbine Flowpath
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TABLE65

, HIGH-PRESSURETURBINEAERODYNAMICCOMPAPISON
(AerodynamicDesl_nPoint:I0675m (35,000ft),0.8 Mn, StandardDay)

Flight Maximum
Propulsion Efficiency
S_stem Engine

Nu_er of Stages I 2
ExpansionPatio 3.99 3.90
Mean VelocityRatiQ 0.560 0.640
MaximumANc - (cm)z (rpm)_ 305.8 X 109 322.6 X 109
Redltne Pfn Speed (m/sec) 521 397
MaximumMean BladeTurning(degrees) 117.5 98
Extt Swtrl Angle (degrees) 44.0 15.0
Average Axtal Velocity/Wheel Speed (Cx/U) 0.330 0.350
Axial ExitMath Number 0.360 0.310
Numberof Airfoils 78 149
Mean Diameter- cm (in) 76 (30) 61.7 (24.3)
TrailingEdgeThickness- cm (in) 0.165 {.065) 0.165 (.065)
TotalCoolingAir (%) 13.6 16.2

Efficiency(%) Base +?.3 benefit

5.3.6 TurbineTransitionDuct/Low-PressureTurbine

The combinationof an added high-pressureturbine stage and higher bypass
ratio resultedin a larger radialoffset of the turbinesin the maximum ef-
flclencyengine. Therefore,the transitionduct cant a_gle was Increasedto
25 degrees. The resultanttransitionduct is 3.6 cm (1.4 in) longerthan that
of the flightpropulsionsystem. A comparisonof transitionduct sectionsfor
hothengineconfigurationsis providedin Table66.

TABLE 66

TURBINETRANSITIONSELFCTIPNCOMPARISO_

FlightPropulsion MaximumEfficiencyEner_v
S_stem EfficientEngine

Length- cm (in) 19.81 (7.80) 23.36 (9.20)
MeanCant Angle 17.0 25.0
Area Ratio 1.53 1.22
Delta InnerDiameterRadius 5.33 (?.lOP II.43 (4.50)

i[ -cm (In)The five-stagelow-pressureturbine was configuredwith the same level of
bladeturning,exit axialMach number,and maximumdiameteras the flightpro-
pulsionsystem. With the added stage, both the mean velocityratio was in-
creasedand the exit swirl angle was reduced. This providedefficiencyim-
provementand a reductionin the turbine exit guide vane pressure loss, as
summarizedin Table67. A flowpathof this turbinesectionis shown in Figure
74.
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TABLE67

LOW-PRESSURETURBINEAERODYNAMICCOPPARISON
(Aerodynamic Destgn Point: 10675 m (35000 ft), 0.8 Hn. Std. Day)

F1i ght Maximum
Propulsion Efficiency
System Enqtne

Numberof Stages 4 5
Expansion Ratio 5.72 6.1
MeanVelocity Ratio 0.47 0.490
Rotor Speed (rpm) 3900 3620
MAximumt._eanBlade Turning (de_rees) 114 114
Exit Swirl Angle (degrees) 35 25
Average Axtal Velocity/_eel Speed (Cx/U) 0.73 0.72
Axial ExitM_ch Number 0.36 0.36
tlumher of At rfot 1s 756 1119
Exit Tip Diameter - cm (in) 132 (52) 132 (52)
Axial Length- cm (in) 62.9 (24.B) 6._.2(25.1)

ADi.tferencePressure/PressureTEGV (%) Base -0.4penalty
AEfficiency(%) Base +0.g benefit
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Figure 74 TurbineTransitionDuct an_ Low-P-essure Turbine _F1owpath
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5.3.7 Trade Analyses

With the selection of the higher (7.2) bypass ratio, a low rotor speed and
turbine staging stuay war undertaken. By varying the rotor speea and the
number of turbine stages, zrades were identified between fan efficiency,
low-pressure compressor efficiency, turbine elevation, and turbine ef-
ficiency. Two rotor speeds were studied, based on 417 m/sec (1370 ft/sec) and
441 m/sec (1450 ft/sec) fan corrected tip speeds, alot)gwith an investigation
concerning five and six stage turbines.

Figure 75 shows that as tip speed was increased by 24 m/sec (80 ft/sec), fan
outer diameter performance worsened while fan inner diameter efficiency im-
proved three-tenths of a percentage point and low-pressure compressor ef-
ficiency improved seven-tenths of a percentage point. The low-pressure tur-
bine performance, shown in Figure 76, remained nearly constant (assuming con-
stant velocity ratio and constant staging). The net etfect, however, was an
uninstallea thrust specific fuel consumption (TSFC) penalty. Transition duct
length and low-pressure +Jrbine maximum diameter decreased as speed was in-
creased result;ng in a nacelle drag reduction benefit. Therefore, on an in-
stalled basis, there is only a 0.!5 percent thrust specific fuel consumption
(TSFC) difference rather than the percent shown in Figure 76. The increased

rotor speed with a shorter turbine transition duct and reduced low-pressure
turbine maximum diameter would also result in reduced weight and cost, and

" provide more room to locate the rear mount so as to minimize the impact on I
mixer performance. !

With the higher fan tip speed 441 m/sec (1450 ft/sec), a five-stage
low-pressure turbine at same mean velocity ratio, comparable aerodynamic )

loadings,equal maximum blade and vane turnings and equal trcnsition duct area

ratio as a six-stage turbine resulted in a 0.22 percent efficiency penalty.
This penalty is attributable to shorter blade and vane spans for the same flow
area. This manifests itself into a clearance/span penalty.

Weights and costs were then estimated for the alternative configurations in
order to assess fuel burned and direct operating cost trends. Results of
these analy_es are summarized in Table 68. Relative to the Energy Efficient
Engine i_ight propulsion system, the three alternatives were estimated to
provide approximately the same fuel burn reduction. The lower tip-speed fan,
six stage turbine option showed a marked weight increase which increased the
direct operating cost. The two other options offered the same fuel efficiency
and direct operation cost advantage within 0.2 percent. The lower cost
five-stage turbine option was selected for the final configuration.
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TABLE 68
r

FAN/LOW-PRESSURETURBINE CONFIGURATIONSTUDY
RELATIVE TO FLIGHT PROPULSION SYSTE_

Conflguratlons Constdered

Fan Corrected Tlp Speed - m/sec 441 441 417
Low-Pressure Turbine Stages 5 6 6

I Beneflts Summary

TSFC Fully Installed (percent) -4.7 -4.8 -5.0
,. Weight Installed (kg)* +104 +104 +145 ;

Acquisition Cost Installed (KS) +70 +100 +130
Maintenance Cost Installed ($/EOH**) +13 +14 +14 :

Fuel Burned
2,778km (1500nm) TwinJet (percent) -5.1 -5.2 -5.3

- 5,556km (300Ohm) TrfJet (perce,lt) -5.4 -5.6 -5.7
I0,186km (B500nm) QuadJet (percent) -6.1 -6.3 -6.4

i Direct Operating Cost ($1.50/3.78 liters (1.0 U.S. 9_;7:-':_))

2,778km (1500nm) TwinJet (percent) -0.9 -0.7 -0.4
5,556km (300Ohm) TrlJet (percent) -1.7 -1.6 -1.4
10,186km (5500nm) Ouadjet (percent) -2.B -2.4 -2.3

* Constant Installed Cruise Thrust
** Engine Operating Hour

5.4 CONCLUDINGREMARKS

The maximumefficiency Energy Efficient Engine has been defined with fuel con-
sumptfon improved almost five percent relative to the flight propulsion system.

I Thls improvement is attributed to the revision in bypass ratio, the lower

minimum loss combustor, a two stage high-pressure turbine and a five stage
low-pressure turbine. The engine configuration that reflects these changes is

. an optimization rather than an extension of the Energy Efficient Engine tech-
nology base.

I
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APPENDIX A
FLIGHTPROPULSIONSYSTEMMATERIALCOHPARISON

Some materialsdifferencesexist betweenthe initialand currentversionsof
the flightpropulsionsystem. The primaryreason for these differencesis to
improvestrengthor temperaturecapability. Materialscurrentlyselectedfor
the flightpropulsionsystemare llstedbelow.

Current(Initlal*)

Fan
Wade AMS 4928

Di sk PWA1215
Stubshaft PWA733 (AMS4928)
Contalnment Case AMS4150/Kevlar
SoundTreatment AI Honeycomb

Low-PressureCompressor
Blades' AMS4928
Disk_ AMS4928
Hub AMS 4928
Vanes
S1 AMS 4312 (4135)
$2-$5 AMS 4312 (4135)

Cases AMS4150

Intermedtate Case
StructuralStruts AMS4911
InnerCase PWA 1262
Non-Structural ANS4911
Struts

OuterCase AMS 4150

High-Pressure Compressor
B1ades
R6 and R7 PWA1202
R8 - RIS PWA101O (I 003)

DIsks
R6 and R7 AMS4928 ;
R8 - Rll PWA1224 (MERL130)
R12 PWA1225 (MERL13U)
R13 PWA 1225 (MERL80)
RI4 and R15 MERL 80

* Shownonly where changes have occurred
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APPENDIXA (continued) _

Current (Initial*)

: Non-Vortex Tubes AMS4911

Center Tube AMS5613

' : Vanes
, IGV _ 4132

$6 - $8 ANS5613
$9 - S12 AMS 5508 (5616)
S13 and S14 ANS5596 (5671)
EGV PWA 649

FrontCase AMS 4928

Rear Case PWA 1214

IGV ID Shroud AMS4132

DIffuser/Eurneri

Diffuser30'
: InnerPrediffuser AMS5662

Wall
StrutAssembly PWA 649 - HIP

Burner
Bulkhead ANS5754 (PWA1038)
ODLtner Segments PWA1455
ODBird Cage AHS5754
!D Liner Segments PWA1455
ID Bird Ca9e AHS5754

Htgh-Pressure Turbine
Rotor

B1ade SC 2000
DIsk/Hub MERL 80
Sideplates(Fr-Rr) MERL 80

, VortexPlate MERL 80
,_ HPC DischargeSeal AMS 5895 (MERL80)

I st tlc
)_ Vane S1 SC 2000 (HERL220) ,|

OAS PWA 655(647)/Ceramlc

i OAS Supports (Fr-Rr) PWA I007TOBI System PWA 649/AHS 5596 :_
Outer Case _ 5662 (PWA649)

*Shownonly where changes have occurred
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APP[.NDIXA (continued),..

Current (Zntttal*)

Turbtne Zntemedtate Case
Hot Strut

Aero Fat rtngs SC 2000
Beartng(4-5)Support AMS5662 (PWA64g)
Structural Struts _ 5662 (PWA649)

Low-Pressure Turblne
Rotor

Blades R2 PWA1447 (PWA1442)
R3 and R4 PWA655
R5 MERL101

0tsks PWA1099 (MERL80)
Spacers/Seals PWA1099 (1003)
Hub PWA1003

start c
Vanes $2 SC 2000

$3 PWA1447 (PWA655)
$4 and S5 PWA655

• Shrouds& Seals AMS5536/5754
' ., Inner Case AHS5662

Outer Case AMS5858/5895
(/_4S 5662/5596)

Exhaust Case
ZD/ODCase MERL101
Struts NERL101

LPT Shaft _A 733

Mixer & Exhaust

Mtxer
HIxer PWA1231
Mtxer Support - (MERL101)
Tat1plug AMS5599/4910

Center Vent Static mS 5504

*Shownonly where changesoccurred
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' !
Table of Material Equivalence __

C

PWA

Oesi9natlon Materlal Equivalency :,

PWA 647 MAR-M-509
PWA 649 Inconel718
PWA655 Inconel 713C
PWA733 17-22-A; Templex (Low Alloy Steel)
PWA1003 Incoloy 901
PWA 1007 Waspaloy
PWA1010 Inconel 718
PWA1038 Hastelloy X
PWA1099 Modified IN-IO0 Alloy (Formerly MERL76)
PWA 1202 Titanium(8AL-IMO-IV)
PWA 1214 Titanium(6AL-2SN-4ZR-2MO)High CreepStrength

,_ PWA1215 Titanium (6/d.-4V) Forged Below Beta Transus
PWA 1224 Titanium (6AL-2SN-4ZR-2MO)Forged Below BetaTransus
PWA1225 Titanium (6AL-2SN-4ZR-2MO)Forged AboveBeta Transus

i PWA 1226 TItanIum (6AL-2SN-4ZR-2MO) Forged, Beta Anqealed,
i PrecipitationHeatTreated

PWA 1231 Titanium (6AL-2SN-4ZR-2MO)Cross Rolled, Beta Annealed,
I PreclpltatlonHeatTreated
! PWA 1262 Titanium (6AL-4V)Cast
, PWA 1422 MAR-M-2OO+HF
i PWA1447 MAR-M-247
i, PWA 1455 Modlfled B-1900

PWA 1480 SingleCrystalNI A11oy
, MERL 80 Modlfled IN-IO0A11oy

MERL 101 Titanium A1uminideA11oyi

MERL 130 HI9h TensileStrengthTItam um A11oy
_ SC 2000 Single Crystal NI Alloy

MERL 220 SIngleCr_stalNI A11oy
w

J

lb

Iii__ •
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APPENDIXB
LIST OF ABaREVIATIONS/SYMBOLS

A area E3 Energy Efficient Engtne

AH highlight area EGV exit guide vane

AT throat area eng engine
arithmeticalaverageangstrom EPA Envlronmental Protection

•, Agency

(surfaceroughness) EPAP Environmental Protection

Agency

abs absolute Parameter

ACC active clearance control EPNdB effective perceived noise,
dect bel s

Aerodynamic Design Point aerodynamic design point

eval evaluatlon

AL alumlnum ' F Fahrenhelt

AMS Aerospace Material Specifications Fu gross weight/speed factor

. avg average Fw utilization factor

BCAC Boeing CommercialAirplane Co. FAR Federal Aviation Regulations

brg bearing FEGV fan extt guide vane

Btu British Themal Unit FPS flight propulsion system
c canti grade frt front

ca1 calorte ft foot

C/A Cooling Atr gal gallon

cm centimeter G/I grc;_ndIdle

CO CarbonMonoxide h enthalpy

comp Compressor HC Hydrocarbon, honeycomb

comp't compartment HF hafnium

O diameter HIP hot Isostattc press

DH hlghlIghtdiameter hp horsepower

DM maximumdiameter HPC htgh pressure compressor

DAC Douglas Aircraft Company HPT htgh pressure turbine

deg degrees hr hour

des design I/C intermediate case

. det deterioration IC/LS integrated core/low spool
'r

I dla diameter ID inner diameter
DOC directoperatingcost IGV inletguide vane

,I
E excitation in Inch
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APPENDIXB (Continued)

"C

I/C intermediate case NOx nitrogen oxides !

tnt intermediate OAS outer air seal
K thousand, Kelvin OO outer diameter _i

'4
KE knife edge OWE operating weight empty _!

kg kt I ogram P pressure _i

Km kt1ometer Pa Pascal i
1 liter Pt tGtal pressure

L length PP perforated plate

) lab labyrinth PR pressure ratio
lb pound PS/AIE PropulsionSystem/Aircraft i

LCC LockheedCaliforniaCompany IntegrationEvaluation

LP low pressure psla poundsper squareinchabsolute ,:

LPC low pressurecompressor pt point

LPT low pressureturbine P&W Pratt& Whitney

m meter R radius,Ranklne,rotor

i M thousand RH highlightradiusmax maximum rad radians

! MERL MaterialsEngineeringResearch rev revolutions

Laboratory RPM revolutionsper minute

mln minimum,kninute RR rear
" mm millimeter S second,stator,structural

strut ,

i Mn Machnumber SAE Society of Automotive EngineersMO _lolybdenum sec seconds
N Newton SHP shafthorsepower

N rotorspeed SLS sea levelstatic

N/A not appllcable,not avallable SLTO sea leveltake off

NASA HatlonalAeronauticsand SN tin

SpaceAdministration Sq square

NI nlckel st standard

nm nautlcaltulle T temperature

no number Tt total temperature
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APPENDIXB (Continued)

THC totalhydrocarbons W air or gas flow

T/O takeoff WAE core airflow

TOBI tangentialon-boardinjestion WF fuel flow

TOGW takeoffgrossweight WAF airframeweight

TSFC thrustspecificfuel Wgt weight

consumption wt weight

U rotor tangentialvelocity Zr zirconium

US UnitedStates

V vanadium

change " inches

6 correctedpressure(P/14.7) < lessthan

0 correctedtemperature(T/459.7) - minus

o degrees # number,pounds

$ dollars % percent

= equals :- plus

> greaterthan _ sum

I
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